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ABSTRACT
Modeling of Hand-arm-giove Vibration System & 
Testing and Evaluation of Anti vibration Gloves
by
Jianying Cui
Dr. Douglas D. Reynolds, Examination Committee Chair 
Professor o f Mechanical Engineering 
University o f Nevada, Las Vegas
Work-related hand-arm disorders (HAVS) caused by exposure to vibration while 
operating vibrational tools were discussed; no clear dose-effect relationship between 
vibration exposure and HAVS was found yet. Ways to avoid or delay harmful impact on 
workers were explored, one means o f which is using antivibration gloves during 
operation. Four types o f antivibration gloves were tested per standard ISO 10819, test 
setup and procedures were presented. Two models o f hand-arm-glove system were 
developed and analyzed; the models were used for predicting the gloves’ transmissibility 
before carrying out actual tests. Model fit was done for the two models to the actual 
tested data.
Test results o f the four types o f anti vibration gloves were presented, evaluation of 
these gloves according to the standard ISO 10819 was made. The accuracy o f the models 
in their predictability was analyzed and discussed. Conclusions and recommendation on 
glove-testing and modeling were made.
in
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A„ Acceleration o f nth element —
r.m.s. frequency-weighted acceleration, measured by 
means o f a weighting filter or calculated from acceleration 
spectrum.
m/s^
r.m.s. frequency-weighted acceleration for vibration 
spectrum s (s = M or H) m/s'
^wMPg
weighted acceleration for vibration spectrum M, measured 
at the palm of the hand with glove m/s'
A/V antivibration —
b subscript used to denote measurements taken with "bare hand", i. e. without glove. —
Cn Viscous damping coefficient o f nth element N s //m
CPT Carpal tunnel syndrome —
dB decibel —
f frequency Hz




N s /  
/  m
g
subscript used to denote measurements taken with "gloved 
hand", i. e. between glove and hand. —
XI




H High frequency spectrum (100-1600)Hz —
HAVS Hand-arm Vibration Syndrome —
Hz Hertz —
ISO International Standards Organization —
Kn Stiffness coefficient o f nth element N/m
kg kilogram —
M Medium frequency spectrum (100-1600)Hz —
m„ Mass of nth element kg
NIOSH National Institute for Occupational Safety and Health —
n Number o f third octave bands from 6.3 to 1,250 Hz —
r.m.s Root mean square —
R subscript used to denote measurements taken at the reference point, i. e. at the handle —
P subscript used to denote measurements taken at the palm 
of the hand —
s Test signal spectra (M and H) —
TR,, transmissibility for vibration spectrum s(M or H) 
measured with bare hand —
7%, transmissibility for vibration spectrum s(M or H) 
measured with gloved hand —
TR^ corrected vibration transmissibility o f glove for vibration 
spectrum s(M or H) —
TR^ mean corrected transmissibility o f glove for vibration 
spectrum s(M or H). —
VWF Vibration white finger —
Xtl





w ISO Weighting Filter per ISO standard 5349 —
X




y Inversion o f z, the mechanical impedance m!  N - s
z Mechanical impedance N - s // m
Zm Mechanical impedance o f mass element N - s // m
Zk Mechanical impedance of spring element N - s /  /  tn
Zc Mechanical impedance of damper element N - s /  /  m
Û) frequency rad/s
$ The phase difference between the force and the 
displacement, the phase o f dynamic compliance
rad
6 The phase o f mechanical impedance rad
Xl l l
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GLOSSARY
Acceleration: The time rate o f change in velocity(ft/sec2 or m/sec2 or gravity). The 
second derivative o f displacement with respect to time.
Acceleration exposure dose: The level o f acceleration and years o f exposure.
Accelerometer. Transducer used to measure acceleration or time rate o f change in 
velocity.
Amplitude: The maximum displacement in an oscillatory motion from a reference 
position.
Bone cyst: an abnormal cavity in the bone structure.
Carpal tunnel syndrome: symptoms of numbness, tingling, or burning pain on the palmar 
surfaces o f the thumb, index, middle and ring fingers, occurring mostly at night, caused 
by compression or irritation of the median nerve as it passes through a tunnel formed by 
the wrist (carpal) bones. Signs o f impaired hand frmction and disability may develop.
Compliance, mechanical: Displacement o f a structure per unit of load; the ease with 
which a system may be displaced.
Corpuscle, Meissner's: a specialized structured nerve ending, touch receptor. It is 
confined to dermal papillae and it is most numerous on hands and feet.
Corpuscle, Pacinian: an encapsulated nerve ending, pressure receptor, it is found in deep 
dermis or hypodermis.
Corpuscle, Ruffini's: or called RuffmVs ending, a kind of nerve ending, heat receptor.
Coupling: The linkage between the hand and a vibrating source. The integrity o f the 
contact between the hand and the handle surface of a vibrating tool.
Cyanosis: Bluish discoloration o f the skin or other tissues due to the presence of 
deoxygenated blood in the superficial capillaries.
X IV
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Dermis: the middle layer o f skin, which is made up o f blood vessels, lymph vessels, hair 
follicles, and sweat glands.
Damping: The process by which the amplitude of the crest o f a vibration is decreased.
Displacement: A vector quantity specifying the change in the position o f a body from its 
reference position.
Elasticity: The property that enables a body to resist and recover from deformation 
produced by a force.
Endocrine: designating or o f  any gland producing one or more internal secretions that are 
carried out by the blood or lymph to some parts whose functions they regulate or control.
Epidermis: the outer layer o f skin, which is made up o f the homy layer, squamous cells 
and basal cells.
Frequency: Rate o f oscillation; number o f oscillations per unit of time; the number o f 
complete cycles per unit o f time. One hertz (Hz) is one cycle per second.
Gangrene: decay of tissue in a part o f the body when the blood supply is obstructed by 
injury, disease, etc.
Harmonic: A frequency that is an integral multiple o f some fundamental or base 
frequency.
Hertz: A unit o f frequency (cycles per second).
Impedance: The ratio o f a hannonic excitation of a system to its response; ratio of ap­
plied force to resulting velocity.
Impedance, mechanical: Ratio o f applied vibratory force to the resulting velocity.
Latency: The time interval between the application of force or stimulus and the 
appearance of a response.
Mass: Quantity o f matter; the inertial resistance; of a body to acceleration.
Oscillation: The variation in the position o f an object over time in reference to its starting 
point.
Oscillation, period of: Time required for an oscillation to be completed.
Osteoarthrosis: bone and joint degeneration.
Phalanges: any of the bones forming the fingers or toes.
XV
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Power, spectral density: The mean square value of energy per unit o f  time passed 
through a given frequency range.
Resonance: The tendency of a body to act in concert with an externally generated 
vibration to amplify the impinging vibration; the amplification o f an oscillation o f  a 
system by a force wave or oscillation o f  exactly equal period or frequency.
Root mean square(r.m.s.): The square root o f the arithmetic mean o f  the squares o f  a
series o f
numbers.
Stiffness: The ratio o f force or torque to the resulting change in displacement o f  an elastic 
body.
Spectrum, vibration: The distribution o f frequencies that describes the frequencies that 
are present in a vibrating system.
Tendonitis: inflammation of a tendon and its sheath.
Transfer function: The mathematical relation between the input into a system and the 
response.
Transmissibility: The ratio of vibration output divided by the il IpUt as a frmction o f 
frequency.
Vasoconstriction: narrowing o f the lumen o f blood vessels, especially as a result o f  an 
increased contraction of the muscle wall o f  the blood vessel.
Velocity: The first derivative of displacement with respect to time (m/sec).
Vibration: The oscillation or periodic motion o f a rigid or elastic body from a position of 
equilibrium.
Vibration, random: An oscillatory motion in which the acceleration varies over time in 
a nonperiodic manner; a vibration whose magnitude is not precisely predictable for any 
point in time.
XVI
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CHAPTER I 
INTRODUCTION
Research shows that two to four million workers are exposed to on-the-job hand-arm 
vibration in the U.S. and about half o f these workers either have or will develop 
symptoms associated with hand-arm vibration syndrome (HAVS)[3,4,18,21 ]. Workers 
using vibrating tools in other industrialized countries are facing the same problem, such 
as in Britain, Sweden, Japan and Italy. Also, powered processes and tools that expose 
operators’ hands to vibration are widespread in several industrial activities. Occupational 
exposure to hand-transmitted vibration can arise from rotating and/or percussive hand­
held power tools used in the manufacturing industry, quarrying, mining and construction, 
forestry and agriculture, public utilities and other work activities. Table 1 gives a 
summary of the number of workers in different vibration-exposing industries and the type 
of vibrating tools used [18]. Exposure to hand-transmitted vibration can also occur from 
vibrating workpieces held in the hands o f the operator, and from hand-held vibrating 
controls such as motorcycle handlebars or vehicle steering wheels. In this thesis, the term 
“vibrating tools’’ includes both hand-held vibrating tools and stationary tools that transmit 
vibration through a workpiece. All these exposures to vibrating tools have potential to 
affect a person’s health; too much exposure to hand-transmitted vibration may induce
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
disturbances in finger blood flow, and in neurological and motor functions o f the hand 
and arm. The term "hand-arm vibration syndrome" (HAVS) is commonly used to refer to 
the complex o f peripheral vascular, neurological and musculoskeletal disorders 
associated with exposure to hand-transmitted vibration. Sometimes Raynauld’s 
Phenomena is also used as a collective term for all these disorders.
Tablel-l Workers Potentially Exposed to Hand-Arm Vibration
No. of W orkers Industry Type of Tool
500,000 Construction Handtools
200,000 Farming Gasoline chain saws
14,000 Metal working Handtools
54,000 Steel Furnace cleaning using powered handtools
30,000 Lumber and wood Gasoline chain saws
34,000 Furniture manufacturing Handtools
100,000 Mining Pneumatic drills
250,000 Truck and auto manufacturing Handtools
64,000 Foundries Handtools
' This table is based on a 1974 study of occupational exposures to vibration, NIOSH 
estimates that 1.2 million workers in the United States are potentially exposed to hand- 
arm vibration.
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In this thesis, we start by describing several hand-arm disorders which can be 
generalized as HAVS. We then focus on researches done on HAVS. After reviewing the 
positive achievements and the lingering doubts over the relation between hand-arm- 
transmitted vibration and HAVS, we proceed to present two mathematical models o f the 
hand-arm-glove system for a better understanding o f the problem. The above accounts for 
the first two chapters. As we gain the necessary background knowledge o f the problem 
from chapter one and some insights over the problem from mathematical models in 
chapter two, chapter three leads us to laboratory research done in CMEST (Center for 
Mechanical & Environmental Systems Technology). A series o f tests on anti-vibration 
gloves were carried out in this lab. An overview o f the standard ISO 10819 and a detailed 
description o f the test procedures can be found in chapter tlvee. Chapter four discusses 
the test results. The four types of antivibration gloves were evaluated using the given 
criteria. The mathematical models o f  the hand-arm-glove system were examined through 
curve-fitting method. This involves graphically comparing the transmissibility o f the air- 
bladder gloves predicted by model calculation to the experimental transmissibility 
achieved through averaging several test subjects’ results. Chapter five draws the 
conclusions and gives suggestions for further research o f this problem.
1.1 Discussion of the problem
For more than three-quarters o f a century, workers who operated vibrating tools on the 
job have reported complaints resembling the signs and symptoms of primary Raynaud's 
disease. The major complaints were episodic numbness and tingling of the fingers, 
episodic blanching of the fingers, with pain occurring mainly in response to cold
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
exposure and on return o f circulation, and reduction in grip strength and finger dexterity. 
These signs and symptoms increased in number and severity as the exposure to vibration 
(acceleration intensity and duration of exposure) increased. This condition is referred to 
by a collective name hand-arm vibration syndrome (HAVS) [3,4,18,21].
HA VS is a chronic disorder with a latency period o f a few months to several years. 
The early stages o f HAVS are usually reversible if further exposure to vibration is 
reduced or eliminated, but advanced stages are progressive. Treatment is usually 
ineffective for the advanced stages of HAVS, and the disorder can progress to loss of 
effective hand function and necrosis of the fingers [18].
Various classifications o f  the clinical stages o f signs and symptoms of HAVS have 
been developed. Symptoms associated with HAVS were first classified by the Taylor- 
Pelmear Classification System (Table 1-2) [21]. The classification o f HAVS symptoms 
was later refined by the Stockholm Vibration Syndrome Classification System 
(Table 1-3) [21]. The latter considered the peripheral-neural and the peripheral-vascular 
pathophysiologic effects of hand-arm vibration exposure separately, thus recognizing that 
they are two clinical entities. The Stockholm Workshop scale (1986) is now an 
internationally recognized grading system for staging cold-induced Raynaud's 
phenomenon in the hand-arm vibration syndrome.
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Table 1-2 Stage assessment for HAVS (Tayler-Pelmear Classification System)
Stage : Condition of Fingers
1





I No tingling, numbness, or blanching o f  fingers
!
No complaints
OT ! Intermittent tingling j No interference with I activities
ON 1 Intermittent numbness
i
No interference with 
activities
TN j Intermittent tingling and numbness No interference with activities
01 [ Blanching of a fingertip with or without i tingling and/or numbness
i




Blanching of one or more fingers beyond tips, 
j usually during winter
Possible interference 
with nonwork activities; 
no interference at work
03 Extensive blanching o f fingers; during : summer and winter
Definite interference at 
work, at home, and with 
social activities; 
restriction of hobbies
04 j Extensive blanching o f most fingers; during ■ summer and winter
Occupation usually 
changed because o f 
severity o f signs and 
symptoms
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Occasional blanching attacks affecting 
tips of one or more fingers
2 Moderate
Occasional attacks distal and middle 
phalanges o f one or more fingers
3 Severe
Frequent attacks affecting all 
phalanges o f most fingers
4 Very Severe
As in 3 with trophic skin changes 
(tips)
II. Sensorineural Components
OSN Vibration exposed -  no symptoms
ISN
Intermittent or persistent numbness 
with or without tingling
2SN
As in 1SN with reduced sensory 
perception
As in 2SN with reduced tactile
3SN discrimination and manipulative
dexterity
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Workers exposed to hand-transmitted vibration may be affected with neurological, 
vascular and/or musculoskeletal disorders separately or simultaneously. The following 
describes disorders o f each category in details, symptoms are given and ways to avoid or 
delay the harmful impact are presented.
1.1.1 Vascular disorders 
Names fo r  the disorder.
Workers exposed to hand-transmitted vibration may complain o f episodes o f pale or 
white finger usually triggered by cold exposure. This disorder, due to temporary 
reduction of blood circulation to the fingers, toes, ears, and nose, is called Vibration 
White Finger(VFW) disease (or Raynaud's Phenomenon). In 1862 a French physician 
named Maurice Raynaud published a thesis in which he described a disease of the hands 
and fingers of clinical patients [5]. The initial stages o f the disease (which now bears his 
name) are intermittent tingling and/or numbness in the fingers (a neurological 
component). Later as the disease progresses there appears a peripheral vascular 
component, namely intermittent blanching and cyanosis o f  one or more fingertips 
(usually not the thiunb). The disease progresses to the point where the intermittent 
blanching becomes more and more frequent with attacks lasting from 15 to 30 minutes. 
Eventually, primary Raynaud's disease can, in extreme cases, lead to gangrene o f one or 
more of the affected fingers. Cold temperatures tend to trigger attacks and both fever and 
smoking tend to exacerbate the problem. When Raynaud's disease is related to the work 
environment it is variously called Raynaud's disease of occupational origin or vibration 
white finger (VWF) or "dead hand" to distinguish it from nonoccupational Raynaud’s
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8disease. An estimated 5% o f the general population may develop primary Raynauld's 
disease without exposure to vibaration. In primary Raynauld’s disease, the signs, 
symptoms, and involvements are usually symmetrical (same areas o f  both hands 
involved), whereas in secondary Raynauld’s disorders, or HAVS, the involvement is 
usually asymmetrical [18].
Mechanisms o f  the disorder.
The basic underlying pathophysiologic mechanisms involved in the VWF are not fully 
understood yet [18,27]. It is believed that vibration can disturb the digital circulation 
making it more sensitive to the vasoconstrictive action o f cold. At present there is little 
understanding as to what vibration intensity levels and exposure times at these levels will 
cause “Raynaud’s phenomenon ”. Also there is little understanding as to what 
mechanisms affect the onset o f Raynaud’s phenomenon[18].
Signs and symptoms o f  the disorder.
Initially attacks o f blanching involve the tips o f one or more fingers, but, with 
continued exposure to vibration, the blanching can extend to the base o f the fingers. 
Sometimes, an attack of blanching is followed by cyanosis, i.e. a bluish discoloration of 
the affected fingers due to increased extraction o f oxygen from the sluggish digital 
circulation. In the recovery phase, commonly accelerated by warmth or local massage, 
redness, eventually associated with tingling and/or pain, may appear in the affected 
fingers as a result o f a reactive increase o f blood flow in the cutaneous vessels. The 
blanching attacks are more common in winter than in summer and last from a few 
minutes to more than one hour. The duration varies with the intensity o f  the triggering 
stimuli and the severity of the vasospasm; the attack usually ends when the whole body is
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warmed. If vibration exposure continues, the blanching attacks become more frequent 
and may occur all year around. In the rare advanced cases, repeated and severe finger 
blanching attacks can lead to trophic changes (ulceration or gangrene) in the skin o f the 
fingertips. During the attack the affected workers can experience a complete loss o f touch 
sensation and manipulative dexterity, which can interfere with work activity. This 
increases the risk for acute injuries due to accidents.
Epidemiological studies o f  the disorder:
Several laboratory tests are used to diagnose white finger objectively [ 18]. Most o f 
these tests are based on cold provocation and the measurement o f finger skin temperature 
or digital blood flow and pressure before, during and after cooling o f the fingers and 
hands. Epidemiological studies have demonstrated that the prevalence o f  VWF varies 
widely, from 0 to 100 % o f individuals in a group o f  vibration-exposed workers. It 
appears that the probability and severity o f white-finger symptoms is influenced by 
several factors such as the characteristics o f vibration exposure (frequency, magnitude, 
direction, impulsiveness, duration); the type o f tool and work process; the environmental 
conditions (temperature, air flow, humidity, noise), some biodynamic and ergonomic 
factors (grip force, feed force, arm posture), and various individual characteristics 
(susceptibility to diseases and the use of agents, e.g. nicotine and certain medicines that 
affect the peripheral circulation). Thus, there is a complex relationship between vibration 
exposure and the development o f white finger symptoms. It is hard to establish a specific 
quantitative exposure limit that will eliminate the risk o f developing HAVS in all workers 
exposed to hand-transmitted vibration from all types o f vibrating tools.
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1.1.2 Neurological disorders
Workers exposed to hand-transmitted vibration may experience tingling and numbness 
in their fingers and hands. If vibration exposure continues, these symptoms tend to 
worsen and can interfere with work capacity and life activities. Vibration-exposed 
workers may exhibit a reduction in the normal sense o f  touch and temperature as well as 
an impairment of manual dexterity during a clinical examination. Another effect o f hand- 
transmitted vibration is a reduction o f the vibration sensitivity o f the skin of the 
fingertips. Epidemiological surveys o f vibration-exposed workers show that the 
prevalence of peripheral neurological disorders varies from a few percent to more than 
80% of individuals in a group of vibration-exposed workers, and that sensory loss affects 











Figure 1-1 Cross-section of skin, showing locations of mechanoreceptors
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Researchers agree that exposure to hand-arm vibration will eventually result in 
peripheral neural impairment with sensory loss, numbness, and decreased sensory and 
motor nerve conduction velocities. However, the cause-effect mechanisms are not yet 
clear. Several types o f neurophysiologic structures in the skin o f the fingers are involved 
in the sense of touch [28]. The different nerve structures function (fire) in response to 
different mechanical stimuli. Three receptors are the most important mechanoreceptors in 
the skin that are involved in the sense of touch [14]. The Pacinian corpuscles (see figure 
1-1) [26], the quick-adapting receptors, respond to pressure. Other two types o f slow- 
adapting receptors are Meissner’s corpuscle and Ruffini’s endings. Meissner’s corpuscle 
responds to light touch and Ruffini’s ending responds to heat.
Vibration-exposed workers may sometimes show signs and symptoms o f entrapment 
neuropathies, such as carpal tunnel syndrome (CTS), a disorder due to compression o f the 
median nerve as it passes through an anatomical tunnel in the wrist. CTS seems to occur 
in some occupational groups using vibrating tools such as rock-dri Hers, platers and 
forestry workers. It is believed that ergonomic stressors acting on the hand and wrist 
(repetitive movements, forceful gripping, awkward postures), in combination with 
vibration can cause CTS in workers handling vibrating tools [9].
1.1.3 Musculoskeletal disorders 
Skeletal:
Vibration-induced bone and joint disorders are a controversial matter. Early 
radiological investigations revealed a high prevalence of bone vacuoles and cysts in the 
hands and wrists o f vibration-exposed workers, but more recent studies have shown no
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significant increase with respect to manual workers not exposed to vibration [9]. A 
NIOSH study compared 205 foundry and shipyard dhipping and grinding workers with 
63 manual workers in the same industries who did not use vibrating tools [18]. The 
frequency, location, and size o f cysts and vacuoles in the hand and wrist bones as 
indicated on X-rays were compared. The films were read independently by two 
radiologists. The vibration-exposed and the control workers showed no satisfactory 
differences in frequency, location, or size of cysts and vacuoles. This study, with its 
adequate control group, supports the concept o f James et al. [10] that cysts and vacuoles 
occur in the hand and wrist bones o f workers performing manual work but these changes 
are not necessarily vibration related. Gemne and Saraste [6] surveyed the literature to 
evaluate the evidence for and against radiological demonstrable effects o f  vibration on 
the bones and joints o f the arm and hand. The authors concluded that the evidence does 
not support a “ casual relationship between vibration exposure and the formation o f  bone 
cysts and vacuoles [18].”
Muscular:
Workers with prolonged exposure to vibration may complain o f muscular weakness, 
pain in the hands and arms, and diminished muscle force. Vibration exposure has also 
been found to be associated with a reduction of handgrip strength. In some individuals 
muscle fatigue can cause disability. Direct mechanical injury or peripheral nerve damage 
have been suggested as possible etiologic factors for such muscle symptoms.
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1.1.4 Other disorders
Some studies indicate that in workers affected with VWF, hearing loss is greater than 
that expected on the basis o f ageing and noise exposure from vibrating tools [9,18]. It has 
been suggested that VWF subjects may have an additional risk of hearing impairment due 
to vibration-induced vasoconstriction o f the blood vessels supplying the inner ear. In 
addition to peripheral disorders, other adverse health effects involving the endocrine and 
central nervous system o f vibration-exposed workers have been reported by Russian and 
Japanese investigators. The clinical picture, called "vibration disease", includes signs and 
symptoms related to dysfunction o f the higher centers o f the brain (e.g. persistent fatigue, 
headache, irritability, sleep disturbances, impotence, electroencephalographic 
abnormalities). These findings should be interpreted with caution and further carefully 
designed epidemiological and clinical research work is needed to confirm the hypothesis 
o f an association between disorders o f  the central nervous system and exposure to hand- 
transmitted vibration.
1.2 Methods for worker protection
The major emphasis for worker protection from HAVS should be directed toward 
prevention [18,21]. After the disorder has progressed beyond Stage 2 o f the Stockholm 
classification, procedures designed to reverse the process are usually not effective.
Because the development of HAVS is dose related, effective control procedures should 
be directed to
( 1 ) Reducing the intensity (acceleration) o f the vibration,
(2) Reducing the exposure duration.
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(3) Identifying the early signs and symptoms, and
(4) Identifying vibration-sensitive individuals.





(5) Protective clothing and equipment,
(6) Worker training, and
(7) Medical monitoring.
As in (2) engineering controls, there are several approaches to eliminate or reduce the 
vibration acceleration exposure level, including a). Reduction at the source, b). Reduction 
of transmission, c). Process modification. These approaches have been proved to be 
effective in worker protection. Since the late 1970’s a decrease in the incidence o f VWF 
has been reported among active forestry workers in both Europe and Japan after the 
introduction of anti-vibration chain saws and administrative measures curtailing the saw 
usage time together with endeavors to reduce exposure to other harmful work 
environment factors (e.g. cold and physical stress).
The vibration energy produced by the vibrating tool must be transmitted to the 
operator's hands or arms to produce a harmful effect. Any strategy that reduces the 
transmission from tool to hand will help prevent HAVS. Several types of energy- 
damping materials have been used to cover the handles of the tools or have been 
incorporated into the fingers and palms o f hand gear with varying degrees of success.
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In this thesis we focus on b). Reduction o f transmission.
The concept o f anti vibration glove is introduced and experiments evaluating those 
gloves are carried out. The reduction of the transmission o f vibration is presented. 
Mathematical models for the airbladder antivibration gloves are developed and discussion 
on their protection effects are made.
1.3 Previous investigation on hand-arm modeling
From a physical point o f view, the hand-arm system can be regarded as a mechanical 
system, consisting of a large number of more or less homogeneous separate masses of 
various size, nature and design, such as different bone structures, muscle groups and 
sensory bodies, held together by different kinds o f  springy and viscous tissues [20, 
23,24,26]. Due to the fact that these separate elements are not clearly understood and may 
vary from person to person, the development o f a general and accurate model for the 
hand-arm system prove to be extremely difficult.
Many investigators have developed models o f  the hand and arm system 
[1,15,16,17,20,24]. Mechanical impedance or dynamic compliance data or both were 
used as the basis for developing many of these vibration models. The parameters of many 
o f  the models can be related to the physiology o f  the hand and arm. However there is no 
general agreement about which part of the hand and arm should be described by a model. 
For example, work reported by Suggs and Mishoe [16] and Wood and Suggs [32] 
supports the idea that the mass elements o f a model should represent the respective 
masses of the fingers, hand, arm, etc. (see figure 1 -2). However, the work reported by 
Reynolds and Keith [24], Reynolds and Falkenburg [20], and Wasserman et al [29,30]
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supports the idea that the mass elements o f a model should represent the components o f 
dermis and epidermis o f the skin, subcutaneous tissue, and muscle tissue in the area of 
the hand that is in direct contact with a vibrating surface.
F (ti
Figure 1-2 Model o f  hand-arm system by Fritz
1.4 Thesis objectives
• Reviewing research work done on hand-arm vibration disorders; trying to find 
the cause-effect relation.
• Looking for methods and strategies o f worker protection.
• Developing analytical models of hand-arm-antivibration system so that 
predictions of glove’s vibration transmissibility can be made without tests.
•  Evaluating several types o f antivibration gloves by carrying out laboratory 
experiments per standard ISO 10819.
• Introducing the feedback control feature o f the VibrationView software and 
hardware.
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Validating the mathematical models by comparing calculated vibration 
transmissibility to experimental transmissibility o f the glove. 
Determining if number o f test subjects will affect test results. 
Determining how different adapters would affect the test results.
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CHAPTER 2
MODELS
As pointed out in Chapter 1, no clear pathological mechanisms underlying the hand- 
arm vibration syndrome were found. A specific standard for vibration levels and 
exposure time is hard to establish. In order to develop logical standards and to design 
hand tools with low vibration levels, it is necessary to understand the coupled response of 
the hand and the vibrating tools. In order to predict the effects o f vibrating tools on hand- 
arm system, mathematical models o f the hand-arm system are necessary. Evidences show 
that reducing the transmission of vibration into hand-arm system from vibrating tools can 
alleviate the health problems workers may suffer. As one approach to attenuate the 
transmission from hand-held tools into hand-arm system, different antivibration gloves 
were designed and manufactured. To better understand how and why those gloves can 
work coupling with hands so as to get some insights and predictions o f the protection 
feature of the gloves, it is crucial to develop mathematical models o f  hand-arm-glove 
system. Two models o f the hand-arm-glove system were developed and discussed in this 
chapter, the glove chosen for modeling in this system is the airb ladder antivibration glove 
[27].
18
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2.1 Model 1: Five-degree-of-freedom lumped parameter model for the hand-arm-glove 
system.
In this model, we adopted the fbur-degree-of-freedom, mass-spring-damper vibrating 
system lumped parameters’ model developed in previous research [20,24] o f  the hand- 
arm system. The airbladder in the glove contributes to the fifth degree of freedom in the 
five-degree-of-freedom model (as shown schematically in figure 2-1). Figure 2-8 shows 
the airbladder built inside the glove, figure 2-7 shows the airbladder gloves.
Basic knowledge of the vibrating system and physiological aspects of the hand-arm 
system which underlies the rationality o f this modeling were presented in the first section 
of this chapter. Later in chapter four we use this model in the prediction o f test results 
where a comparison is made between the calculated and experimental results.
2.1.1 Physics o f vibrating system 
Components o f  a Vibrating System:
Three components o f a vibrating system are (1) mass, (2) elasticity, and (3) damping 
[19]. The kinetic energy o f the system is a function of the mass and motion o f the system. 
The potential energy of the system is a function o f the elasticity o f the system. When a 
system vibrates, the energy in the system alternately changes back and forth between 
kinetic and potential energy. Damping is the mechanism that transforms the kinetic and 
potential energy into heat and thereby takes energy out o f a vibrating system. Thus if no 
energy is directed into a vibrating system to keep it in motion, the damping that is present 
will dissipate the initial energy in the system and all motion will stop.
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The human hand-arm system contains mass, elasticity, and damping and can be 
visualized as a series o f masses connected by elastic and damping elements.
F(t)
1  Xs(0





Figure 2-1 Five-degree-of-freedom vibration model o f hand-arm-glove system
Parameters associated with vibration'.
Motions associated with vibration is generally oscillatory in nature. Such motion is 
called harmonic motion. The displacement refers to the position of a vibrating object 
relative to its normal resting position (see figure 2-2). The four primary vibration 
parameters are interrelated. They are: frequency, acceleration, velocity, and displacement.
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When harmonic motion and exciting force are assumed, the force and the 
displacement are expressed as follows:
/ ( r )  =  Fe^“  (2-1)
x{t) = (2-2)
where
X  is the peak displacement amplitude in meters,
0) is the angular frequency o f oscillation in radians/sec, and 
f is the time in seconds.
The following relations hold:
Q) = 2J'-7C (2-3)
or f  = - ^  (2-4)
where
/ i s  frequency (cycles/second), or hertz [Hz].
7- = y  (2-5)
where T, the period, is in seconds.






OJt — Radians 
Figure 2-2 Harmonic oscillations 
The velocity o f an object refers to the time rate o f change o f displacement and is 
expressed as follows:
vit) = x it)  = jœ Xej'^  (2-6)
The acceleration of an object refers to time rate o f change of velocity and is expressed
as:
ait) = x it)  = -(û 'X e J ^ (2-7)
2.1.2 Mathematical representation o f the model
Equations:
According to Reynolds etc. [20,24], the hand-arm system can be modeled as a multi­
degree of freedom, mass-spring-damping system (see figure 2-3). Bone structures, 
muscle groups and sensory bodies correspond to different masses and different kinds of 
springy and viscous tissues correspond to the springs and damping elements of the 
mechanical system. The accuracy of such a model is related to the number o f discrete 
elements employed. In this thesis, we apply the four-degree-of-freedom model of the
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hand-arm system, hence the five-degree-of-ffeedom model o f the hand-arm-glove system 
(figure 2- 1); we also present three/four degree-of-freedom model of hand-arm/hand-arm- 
glove systems for comparison.







Figure 2-3 Multi-degree-of-freedom vibration models 
o f hand-arm system in three directions [25]
Motion equations fo r  five-degree-of-freedom vibrating system derivedfrom force 
equilibrium:
As in figure 2-1, from the force equilibrium, we have:
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m j  X ; ( 0  +  C5 X5 ( / )  -  C5 X4 ( / )  +  AtjXs ( / )  -  ( / )  =  / ( / )  ( 2 - 8 )
"»4 -^ 4 ( 0  +  (c j +  c 4j )  X4 (0 -  JC3 ( / )  -  C5 X s ( / )  +  (Ats +  k^  )x j  ( / )  -  Ar^ Xj (r)  -  A:;X; ( / )  =  0  (2 -9 )
"»3 -^ 3(f) + (C4 + Cj)x3(0 -C 3 X;(f) -  x„(f) + (A:^  +  ^ 3)X3(/) -  ^ 3X2(0 -  k^x^(t) = 0 (2-10)
"»2 -<^2 (0 + (C3 + C2  ) X2  (0 -  C3  X3  (/) -  C; X, (/) -F (At3 + Atj )^ 2 (0 -  ^ 2-^ 1 (0 -  ^ 3 ^ 3  (0 = 0 (2-11)
f”, (0 + ( ^ 2  + C, ) X , (/) -  C; X ; (/) + (k^  + )x, (/) -  k^ X2 0 )  = 0 
where f { t )  = Fe '^“
x,(0 = x,e>“




x,(/) = -û)"x,e^" (2-16)
and / =1-5. The equations o f motion can then be expressed in matrix form as;
-to
m i 0 0 0  0
0 m 2 0 0  0 ^ 2
0 0 m 3 0  0
• ^3
0 0 0 m ^  0 X4
0 0 0 0  m g / 5
- C 2 0 0 0 ’ ^1
-C 2 ( C3 +  C 2 ) 0 0 ^ 2
0 -"3  ( C4 )  -^4 0 • ^3
0 0 C 4 (C 4  +  C g ) -C 5 X4
0 0 0 -C 5 C5 X5
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■(k] -Kk2) -^2 0 0 0 1^ 0
-k 2 (k3 -K k2) 0 0 ^2 0
0 -k ] (k4 -K k3) -k4 0 • 0
0 0 -k4 -^5 X4 0
0 0 0 ^5
F (2-17)
In these equations, the five masses are m, to ; the five springs are k^  to k^ ; the five
viscous dampers are c, to C; ; and the displacements o f masses m, to m, are x^  (/) to
X; (/), as functions o f time. From these equations derivations can be made to get the
displacements of the masses. The acceleration transmissibility o f the anti vibration glove 
or the fifth element in the model can be also derived.
Antivibration glove vibration/acceleration transmissibility derivation:
The antivibration glove transmissibility tests were carried out per standard ISO 10819, 
which specifies the third octave amplitudes o f the acceleration spectra for the mid and 
high frequency test signals (figure 3-3). As we can see, the specified two acceleration 
signals are complex periodic signal. According to Newton’s second law:
f i t )  = ma{t) (2-18)
We know the force signals in this case are o f the forms:
400
/ ( / )  = jnoM (2-19)
for medium spectrum, and
1600 
/ ( ' ) =
n=IOO
(2-20)
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for high spectrum.
For simplicity in the derivation, we assume a harmonic force o f  amplitude o f  F:
=  (2-21) 
Hence the harmonic displacement, velocity and acceleration;
x (0  = (2-22)
x (0  = (2-23)
x(0  = -ft>" = -û)^x(0  (2-24)
or a(/) -  x(t) o f  (2-25)
Thus, the accelerations for mass 4, , and mass 5, , are
«4 =x^0)^ (2-26)
and,
05 = x^o f (2-27)
The vibration/acceleration transmissibility o f the antivibation glove, which is the ratio o f 
the acceleration measured inside the glove to the acceleration measured outside the glove 
on the handle, can be expressed as follows:
(2-28)
Thus, the acceleration/vibration transmissibility o f the antivibration glove is also the ratio 
of the displacement of mass 4 divided by the displacement o f mass 5. Equation (2-17) can 
also be expressed in the following form:
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D 1 4 - jE  1 D 2 j  E 2 0 0 0
0
D 2 + j E 2 D  3 + j  E 3 D 4  + j E 4 0 0 ^2 0
0 D  4  f  j-E 4 D g +j-E g 0 * X3 =çiû». 0
0 0 D 6 + J  ^ 6 D 7 j-E 7 D 8 j-E 8 X4 0
0 0 0 D 8 f  j-E 8 D 9 j-E 9 / 5
F
(2-29)
D J— 1 -K K 2 j ~ m j
D 2 — ^ 2
D 3— 3 K. 2 ) ~ 2
D 4 — IC3
D  5 ~ ( K .  3  +  K  4 j  -  ( I )  • t n  3  
^ 6 “ *^  4
D  7 ~ ( K  4  -t- K  5  j  -  ( D ^ - t n  4  
D g— K g
D g—K g — 0) m g 
E I —co'^c 1 c 2)
E 2 ~ W ’C 2 
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E 4—cû'C 3 
E g^cû-^c 3 c 4^
E g—0) c 4
E 7=cû-^c 4 c g^
E g—û)-c g
E 9—û) c g
Using Cramer’s rule we can solve the driving point displacement, x , , and the 
displacement o f hand inside the glove, x^  as follows:
(2 -4 2 )
(2 -4 3 )
(2 -4 4 )
(2 -4 5 )
(2 -4 6 )









(2 -4 8 )
(2 -4 9 )
(2 -5 0 )
where
D 1 + j*E I D 2 + j'E 2 0








D 4 + j-E 4 D g -I-j-E g D 5 1 - j-E 6 0  
0 D g i - j - E g  D 7 -h j-E 7 0  
0 0  D g ' t - j - E g F (2 -5 1 )
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
29
D 1 1-j-E 1 D 2 + j E 2 0 0 0
D 2 j-E 2 D 3 + J E 3 D 4 + j-E 4 0 0
0 D 4 j-E 4 D 5 J E5 E> 6 ^ j E 5 0
0 0 D 6 ^ J E 6 D 7-1-j-E 7 D 8 j E 8
0 0 0 D g i-j-E 8 D 9 j-E 9
D 1 i-j-E 1 D 2 + j-E 2 0 0 0
D 2 j-E 2 D 3 j-E 3 0 4  + j-E 4 0 0
c - 0 D 4 i-j-E 4 D 5 j-E 5 0 0
0 0 E> 6 ^3 ^ 6 0 D g i - j-E g
0 0 0 F D ç i- j  - E 9
(2-52)
(2-53)
A Mathcad program was written to carry out the matrix calculation. The results and 
the program can be found in Appendix C.
Interpretations o f  the parameters in the models'.
The parameters for the five-degree-of-freedom, mass-spring-damper vibration model 
for the hand-arm-glove system include values for the masses, springs and dampers. The 
hand-arm system was itself modeled as a four-degree-of-ffeedom vibrating system in 
previous studies [6,7,10]. The airbladder in the glove constitutes the fifth element and 
forms the five-degree-of-freedom model in combination with the hand-arm system. The 
parameters for the hand-arm system in this thesis are from a previous research paper [20]. 
The parameters for the air-bladder are based on tests done previously [31]. Table 2-1 
gives the values o f hand-arm model parameters. The parameters for the airbladder are 
given in table 2-2. Figure 2-4 shows a scaled schematic representation o f the four-degree- 
of-freedom, hand-arm vibration model in X direction. Figure 2-5 shows the scaled 
schematic representation of the five-degree-of-freedom hand-arm vibration model in Z
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direction. From the two models in the two directions, we can see the different physiology 
of hand-arm in different directions. Measurements of vibration transmissibility was done 
on the Z axis only, so here only parameters in Z direction model was presented and 





i  x / o
1 X ,(0
1  X ^ o
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Figure 2-4 Scaled fbur-degree-of-freedom vibration model o f 
hand-arm system in X direction
A little understanding of the physiology of the hand is required to appreciate the 
significance o f the model parameters [20]. The outer tissues of the fingers and hand are 
composed of very dense, closely packed cells in layers forming the epidermis and dermis.
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Beneath the dermis is the subcutaneous tissue, where most o f the veins, arteries, and 
arterioles carrying blood and fluids to and from the hand and fingers, and the nerve 
endings in the hand and fingers are located (see figure 1-1). The elastic bond between the 
subcutaneous tissue and dermis is fairly strong even though the former is less dense. The 
muscles lie below the subcutaneous tissue and the elastic bond between them and the 








1  X / 0
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Figure 2-5 Scaled five-degree-of-freedom vibration model o f 
hand-arm system in Z direction
The four-degrees-of-freedom model for the Z direction consists of a small mass
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, coupled to ground by a stiff spring, a larger mass coupled to m^  by a very weak 
spring, and two masses, and coupled to by a strong spring, and coupled to 
each other by a weak spring and a large damper. It is believed that and m, represent 
the masses o f the epidermis and dermis, represents the mass o f  the subcutaneous 
tissue, and m, the muscle mass, here represents the mass o f the airbladder built in the
glove, which is very small, k^  to stand for the different springy tissues between
muscles and bones, subcutaneous tissue and muscles, dermis and subcutaneous tissue, 
epidermis and dermis respectively, k, stands for the stiffness o f the airbladder. Similarly,
c, to C4 stand for the different viscous tissues between muscles and bones, subcutaneous 
tissue and muscles, dermis and subcutaneous tissue, epidermis and dermis respectively, 
kj stands for the damping coefficient of the airbladder. Table 2-1 and table 2-2 list these 
parameters acquired from previous experiments.
Figure 2-6 measurement directions
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Table 2-1 Model parameters in Z direction for the four-degree-of-freedom
model o f the hand-arm system.
Parameter(units) Value
Mass 1 /w, (kg) 0.0175
Mass 2 m2 (kg) 0.351
Mass 3 m,(kg) 0.351
Mass 4 (kg) 0.0018
Mass 5 (kg) 0.001
Spring Constant 1 k^  (N/m) 530,000
Spring Constant 2 (N/m) 175
Spring Constant 3 kj (N/m) 1, 100,000
Spring Constant 4 k^  (N/m) 175
Spring Constant 5 k, (N/m) 193,250
Damping Coefficient \ c^{N s f m) 1.8
Damping Coefficient 2c; {N s / m) 701
Damping Coefficient 3 c-^  {N- s f  m) 350
Damping Coefficient 4c^ { N- s / m) 525
Damping Coefficient 5c^ ( N s / m) 10
Table 2-2 Coefficients o f several airbladders [32]
Bladder # Predicted Spring Constant (N/m)
Damping Coefficient 
(N-s/m) Mass (kg)
1 4.54x10^ 184 0.0078
2 3.76x10^ 173 0.0087
3 6.81x10'' 76 0.0101
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2.1.3 Model fitting
Given the parameters and equation (2-50), predictions o f the airbladder anti vibration 
glove’s transmissibility can be made. A Mathcad program was written to carry out the 
predictions. Different sets o f parameters o f the airbladder were tried. The results are 
presented in chapter four.
2.2 Model 2: Impedance model for the air-bladder glove
Figure 2-7 shows the airbladder glove, figure 2-8 shows the cross section o f the 
airbladder glove in action. The air bladder in the antivibration glove can be modeled as a 
unit (shown in figure 2-9), which has a mass, a spring and a damper in parallel.




Figure 2-9 Model o f airbladder
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2.2.1 Mechanical impedance o f  different elements 
General Idea:
Mechanical impedance is a measure o f how apt a system is to follow an applied 
vibration. The lower the impedance, the easier it will start to oscillate; and the impedance 
is variable with the frequencies. At some frequency or frequencies, the impedance may 
appear to be extremely low where as long as the static state o f the system is disturbed, the 
system starts to oscillate. These frequency and frequencies are called resonance 
frequency and natural frequency. At these frequencies very little energy is necessary to 
feed the dissipated energy from damping thus to maintain the vibration. The amplitude of 
the vibration can even be greater inside the system than the source itself at those 
frequencies [12,13].
The mechanical impedance, can be described as a mechanical structure’s resistance to
being caused to vibrate according to an applied vibration. The dynamic force, F , applied
to the structure, divided by the obtained velocity, v , defines the mechanical impedance z 
o f the structure [2,12,13].
z = F !v  (2-54)
the force applied to a structure and the corresponding velocity of that structure can be 
measured at the same time, the ratio o f  them describes the resistant and absorbing 
properties of the structure. The following gives the expressions of the force and the 
velocity, the expression of the impedance is thus obtained:
F  = (2-55)
V = ve^'^ (2-56)
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2.2.2 Development o f the impedance model o f the airbladder
An impedance model of the air bladder is constructed in order to predict its vibration 
transmissibility. In this model the element o f spring, damper and mass are considered to 




k(N/m) I I c(N*s/m) m(kg)
Figure 2-10 Different impedance element: (a) mass, (b) damper, (c) spring
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Figure 2-11 Impedance properties of different element: mass, damper and spring
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
38
The mathematical description o f the model:
For a parallel system shown in figure 2-8, the total impedance is the sum o f  the 
impedances o f all its units; the impedance o f the airbladder is thus:
(2-65)
or z = c 4- y (turn-----)
œ





Derivation of transmissibility expression using model 2 
For the given model of the airbladder in figure 2-9, assume m ~ 0 ,  then the model in 
figure 2-9 reduced to a simpler one shown in figure 2-12.
i
Figure 2-12 The simplified model o f the airbladder








Figure 2-13 Free-body diagram o f the airbladder
From the force equilibrium (figure 2-13), we obtain the following motion equations;
^ .= ^ 2  (2-69)
= A:(x, -  X, ) + jCDcix^ -  x, )













where lz| = (2-75)
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Here z is a transformed expression o f the mechanical impedance o f the airbladder, 
is the amplitude o f the dynamic compliance o f the hand-arm system, <|> is the phase
angle of the dynamic compliance. They can be experimentally acquired [20]. 





























A short program was written in Excel calculating the transmissibility of the airbladder 
antivibration glove using this model. The parameters used in this model are from a 
previous research paper [20]. Table 2-3 lists the related parameters.
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(Hz) (m/N) (°) (m/N) (°) (m/N) n
6.3 53.3 50 31.2 46.9 27.8 58.5
8 37.6 48.7 21.6 54.2 17.6 60.0
10 27.6 48.2 16.7 65.5 12.2 59.9
12.5 20.3 46.3 15.1 62 8.66 69.3
16 13.8 40.4 10.8 51.5 7.9 61.7
20 9.48 35 6.42 54 5.7 48.6
25 6.22 31.7 4.01 68.5 3.18 47.7
31.5 3.83 32.5 3 87.9 1.7 64.3
40 2.57 34.9 2.92 98.4 1.36 84.0
50 1.75 35.5 2.71 97.3 1.3 87.4
63 1.11 39.1 2.4 93.9 1.11 89.2
80 0.653 56.2 0.205 87.3 0.999 91.2
100 0.511 70.4 1.51 86.9 0.926 83.3
125 0.442 75 1.15 89.6 0.751 69.4
160 0.376 70.9 0.911 89.2 0.509 57.4
200 0.32 70.8 0.751 84.5 0.315 55.3
250 0.259 63.7 0.591 81 0.2 62.7
315 0.178 58.5 0.435 80.5 0.138 69.9
400 0.116 59.3 0.352 73.4 0.109 73.3
500 0.078 61.3 0.254 62.8 0.087 71.5
630 0.0515 62.9 0.158 53.4 0.0642 67.5
800 0.0334 67.2 0.0974 45.7 0.0441 66.0
1000 0.0297 68.9 0.0582 31.4 0.0337 53.7
“ The values were obtained when gripping force was 25.4 N and when the large handle 
was used.
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CHAPTER 3
ANTIVIBRATION GLOVE TESTS
A series o f tests were carried out identifying several types of antivibration gloves in 
CMEST (Center o f Mechanical & Enviromental System Technology). The same sets of 
gloves will be tested in other laboratories all over the world to determine the effect 
different laboratories may have on the test results. The test results are presented in 
chapter four. In this chapter, we discuss the test standard ISO 10819, test setup and test 
procedures.
3.1 Overview o f test standard ISO 10819
3.1.1 Introduction
Intemational Standard ISO 10819 was prepared by the European Committee for 
Standardization (CEN) in collaboration with ISO Technical Committee TC 108, 
Mechanical vibration and shock Subcommittee SC 4. Human exposure to mechanical 
vibration and shock were tested in accordance with the Agreement on technical 
cooperation between ISO and CEN (Vieima Agreement) [8].
Within the current state of knowledge, gloves do not provide significant attenuation in 
the frequency range below 150 Hz. Some gloves may provide amplification in this
42
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frequency range. Also, the use o f  gloves might alter the gripping force which would alter 
the transmission o f vibration into the arms thus increasing the risk of damage. However, 
it must be emphasized that an important purpose o f gloves is to keep the hands warm and 
dry, as this may help to limit some vibration-induced effect [8].
This standard describes a method of measuring the vibration transmissibility o f gloves 
worn by a test subject in the laboratory, and specifies test procedures close to conditions 
that are typical o f use at actual working places. The standard gives the criteria for 
antivibration gloves and specifies the measuring principles and requirement for the 
measuring equipment, measurement conditions and so on.
Criteria fo r  antivibration gloves'.
A glove shall not be considered as “antivibration glove” according to this standard if  it 
does not fulfill both o f the following criteria:
77?^ <1.0 (3-1)
and TR„ <  0.6 (3-2)
where TR^ and TR„ stand for the mean corrected transmissibility of glove for spectrum 
M and H respectively. The definition of transmissibility is: the ratio of the accelerations 
measured at the surface of the hand and at the reference point. Transmissibility values 
greater than 1 indicate that the glove amplifies the vibration. Values lower than 1 indicate 
that the glove attenuates the vibration.
Definitions o f  TR^f and TR„ :
TR^  ^: transmissibility for vibration spectrum s(M or H) measured with bare hand;
(3-3)
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: transmissibility for vibration spectrum s(M or H) measured with gloved hand;
(3-4)
TR  ^ : corrected vibration transmissibility o f glove for vibration spectrum s(M or H);
TR^=TR,^/TR,, (3-5)
TR^ : mean corrected transmissibility o f  glove for vibration spectrum s(M or H).





  1 
TR^ = —  ^ 7% ^ for 3 test subjects
(3-6)
(3-7)
3.1.2 The measuring principles and requirement for the measuring equipment
Handle with • 
accelerometer |

















Figure 3-1 ISO 10819 specified vibration transmissibility measuring test setup
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The method uses a vibration excitation system ("shaker”) equipped with a special 
handle to measure the gripping force and a device for measuring the feed force. The 
vibration in the direction o f the excitation is measured at two points simultaneously: at 
the surface o f the handle and by means o f  an adaptor containing an accelerometer 
between the hand and the inside o f the glove. In order to compensate for the frequency 
response o f the adaptor, the vibration transmissibility o f the glove is calculated as the 
difference in vibration transmissibility from handle to the hand with and without the 
glove (equation 3-5) [8].
The acceleration at the reference point (at the handle) and the vibration at the hand are 
measured simultaneously. The values o f  the gripping force and the feed force are 
displayed continuously, to enable the operator to adjust them to the required values.
A frequency analyzer (narrow band or one-third octave band, preferably twin 
channel), two transducers and two channels o f measuring equipment (including signal 
conditioning and weighting) are required. An overload indication for the input signals 
shall be provided. The dynamic range shall be at least 60 dB. Figure 3-1 shows the 
required measuring setup for the antivibration gloves by ISO 10819.
3.1.3 Measurement conditions 
Operator's posture'.
The operator is standing upright on a horizontal surface (floor or platform). The 
forearm is directed in the axis o f vibration. The elbow forms an angle of approximately
90° i  10°. The elbow shall not touch the body during the measurements. The wrist shall 
be bent from 0° (neutral) to 40° (dorsal bending) maximum (see figure 3-2).
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Vibration signal:
The two vibration spectra (M and H) as measured at the handle consist o f band-limited 
random noise and shall fulfill the requirements according to figure 3-3, table 3-1, and 
table 3-2.
Figure 3-2 Operator’s posture
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Third Octave Center Frequency(Hz)
Figure 3-3 ISO specified spectra of the two vibration signals (M and H)
measured on the handle
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Table 3-1 Spectrum M acceleration levels [8]
Band
(Hz)
r^ms Power Spectra Densities 
((m/s^)^/Hz)
Tolerance
16 0.18 0.095 ± 2 d B
20 0.40 0.213 ± 2 d B
25 0.90 0.432 ±  2dB
31.5 236 0.76 ±  IdB
40 3.18 1.096 ±  IdB
50 3.88 1308 ±  IdB
63 4.54 1.417 ±  IdB
80 5.16 1.448 ±  IdB
100 5.71 1.417 ±  IdB
125 6.14 1314 ±  IdB
160 6.28 1.077 ±  IdB
200 5.89 0.76 ±  IdB
250 5.04 0.442 ±  2dB
315 3.94 0.213 ± 2 d B
400 2.89 0.089 ± 2 d B
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100 3.77 0.588 ± 2 d B
125 6.29 1.324 ±  IdB
160 10.47 2.905 ±  IdB
200 15.24 4.994 ±  IdB
250 20.20 7.069 ±  IdB
315 24.86 8.521 ±  IdB
400 29.07 9.179 ±  IdB
500 32.48 9.179 ±  IdB
630 35.15 8.555 ±  IdB
800 35.95 7.069 ±  IdB
1000 33.79 4.944 ±  IdB
1250 28.91 2.905 ±  2dB
1600 22.40 1.649 ± 2 d B
3.2 Test setup
Figure 3-4 shows the schematic setup of the test instrument, used in vibration 
transmissibility measuring test. Table 3-3 gives a list o f the test instruments used. Figure
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3-5 is a picture o f the actual test instruments and their setup in vibration transmissibility 





























Figure 3-4 Vibration transmissibility measuring test setup in CMEST
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Equipment Manufacturer Notes
Electromechanical Shaker MB Dynamics I was used
Piezoelectric Shear 
Accelerometer
PCB 2 were used
Piezoelectric Signal 
Conditioner
PCB 2 were used
Piezoelectric Accelerometer 
Calibrator
PCB 1 was used
Dual Channel Real-time 
Analyzer
Bruel & Kjaer 1 was used
PULSE™ hardware and 
software
Bruel & Kjaer
Used in replacement o f 
B&K Real-time 
Analyzer. The software 
was installed on a laptop 
computer.




The software was intalled 
on a computer





Power Amplifier MB Dynamics 1 was used
Fan Unit MB Dynamics 1 was used
Digital Data Recorder Teac 1 was used
Air Pressure Gauge USG 1 was used
Strain Gauges Measurement Group 8 were used
Air Bladder Pump Reebok 1 was used
Force Calibrator Chatillon 1 was used
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Figure 3-5 Test instruments setup in vibration transmissibility test in CMEST
3.2.1 Vibration signal generation, control and monitoring
VibrationView software and hardware were used in the test for vibration signal 
generation, control and monitoring. The VibrationView controller (figures 3-6, 3-7) had 
the feedback control feature, which ensured the desired signals be reached within short 
period of time and be maintained during the test.
Figure 3-6 VibratrionView controller 
(Front View)
Figure 3-7 VibratrionView controller 
(Rear View)
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Vibration spectrum generation using Vibration View software’.
Figure 3-8 Vibration spectra generated with VibrationView software
Figure 3-8 shows the desired vibration spectra generated by VibrationView software. 
Here the spectra are PSD (power spectral density) functions. Opening the VibrationView 
software loaded on the computer, choosing Random test type, which allowed you to edit 
test signals anyway you want to. There were two ways to access the table which defines 
the test signals by regulating the values on the frequency axis and the corresponding 
values for the amplitudes of the vibration, which could be in acceleration or velocity or 
displacement. You could also choose the unit for the amplitude. By clicking the Edit 
button on the toolbar, the table with Profile labeling appeared on top of other preopened
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panels, as shown in figure 3-8, located in the right bottom comer. The second way was to 
click on the Table button on the Random Define panel, which showed each time a new 
test was started.
By entering the power spectral density (PSD) values which were mean square 
acceleration per unit bandwidth in (m/s“)VHz (table 3-1 or table 3-2) into the Profile 
table, the vibration spectrum (M or H) was generated. The spectrum could be displayed 
through the graph feature provided by the software, which provided room to edit axes, 
ranges, and units.
As shown in the acceleration profile window, the very middle test signal was the 
desired test spectrum (M or H). The other two pairs o f signals defined the upper and 
lower tolerances and limits. Table 3-4 specified the tolerances at different center 
frequencies o f the one-third octave band defined by ISO 10819.
To enter the tolerance ranges and limits, clicking limit button on the Random Define 
panel, a dialog box appeared for you to put in values, as shown in figure 3-9.
3.2.2 Force measurements
ISO 10819 required the gripping force to be displayed continuously. The operator 
maintained the gripping force at 30 N ± 5 N throughout the test period, and the feed force 
was displayed continuously. The operator maintained the feed force at 50 N ±  8 N 
throughout the test period.
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Tolerances for frequency ranges 
(center frequencies)
M 16.7 3.4 ±  10% ± 1 dB from 31.5 Hz to 200 Hz ± 2  dB from 16.0 Hz to 400 Hz
H 92.2 3.3 ± 10% ± 1 dB from 200 Hz to 1000 Hz ± 2  dB from 100 Hz to 1500 Hz
2 See Appendix C for mathematical definition o f vibration test signals, the equations 
and Mathcad program for getting PSD values in table 3-1, 3-2.
 ...............  jnmmsm
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Figure 3-9 Tolerances and limits entering boxes
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Grip force measurement:
An offset strain gage beam [11] was inserted into the handle so that the top surface of 
the beam was 3-4 mm above the surface o f  the handle. The beam was placed into a 
shallow channel milled into the surface o f  the handle. A four-gage strain gage bridge was 
placed on the underside of the beam as shown in figure 3-10. The leads from the bridge 
were attached to a strain indicator. The output from the strain indicator was directed to a 
strain indicator that could be monitored during a test. The strain indicator was calibrated 
by applying a known point force to the center of the beam. The shaker handle was 
oriented so that the fingers compressed the beam when the hand clasped the handle 
during a test (see figure 2-6). Thus, the beam was located opposite the accelerometer that 
was mounted in the handle to measure the acceleration amplitude directed into the hand 
from the handle during a test.
R4 , / i
R3
R2
Figure 3-10 The strain gage bridge for measuring grip force
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Push force measurement'.
Since the shaker used in the test could not sustain a force o f 50 N ± 8 N, a small 
airbladder was used to help handle the push force. The air bladder was put between the 
coil shaft and the rigid support, as shown in figure 3-11.
Figure 3-11 The airbladder used for push force support
P3
Figure 3-12 Load ring and the strain gage bridge for push force measurement
Figure 3-12 showed the configuration o f the four-gage bridge that was placed on the 
load ring to sense the push force. The leads from the bridge were attached to a strain 
indicator. The readings from the strain indicator were visible to the test subjects to be 
monitored during a test. The strain indicator was calibrated by applying a known static 
push force to the shaker handle [ 11].
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3.2.3 Feedback control o f the vibration signal
Figure 3-13 shows the feedback control loop which controled the vibration o f  the 
handle (reference) according to the given vibration spectrum. The loop contained 
VibrationView software and hardware (the controller), the power amplifier for the 

















Figure 3-13 Feedback control loop
As stated in section 3.2.1, through the VibrationView software, the desired test signal 
was generated. Through the controller, the test signal was directed to the shaker, the 
shaker started to vibrate. The vibration signal o f the shaker was collected by the
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accelerometer located on the handle and was fed back to the controller. The difference 
between the desired signal and the feedback signal was used for feedback control 
function. The process was monitored by the VibrationView software through the 
computer. The dotted line in figure 3-13 introduced another acceleration signal which 
was not within this feedback control loop. The acceleration from the adapter was 
amplified through the signal adapter and was input to the VibrationView controller. 
Through the displayed acceleration signals, the attenuation o f the glove was displayed 
(figure 3-14).


















Figure 3-14 Two acceleration signals, reference (upper) and adapter (lower)
The feedback control function also worked with the given tolerance range and the 
aborting limits. If the control signal (the acceleration of the handle fed back to 
VibrationView through an accelerometer) was within these upper and lower tolerances.
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the vibration of the shaker was considered to satisfy the requirement of ISO 10819. If the 
controlled signal (the acceleration o f the shaker) went beyond these upper or lower limits, 
the system aborted.
These limits were very important parameters. On the one hand, they were specified by 
ISO 10819, which tried to simulate actual working conditions as close as possible. On the 
other hand, they affect how the feedback control function o f the VibrationView worked.
If the limits were too small, VibratonView aborted the control function all the time. No 
desired vibration spectrum could ever be reached. Otherwise if the limits were too big, it 
took a great deal of time for the feedback controller to stop. Figure 3-21 shows the proper 
limits value used in the experiments.
3.2.4 The real-time frequency analyzer 
For most of the tests, the B&K two- 
channel real time analyzer (figure 3-15) 
was used for acceleration frequency 
analysis. The analyzer displayed the 
acceleration levels in both ISO weighted 
and unweighted linear values. This 
helped in making the decision of 
recording the signal or not basing on 
table 3-4 given by ISO 10819.
The analyzer also displayed the transmissibility calculated through equation 3-15. 
Sometimes the displayed transmissibility values could be questionable. For example.
Figure 3-15 Type 2144 two-channel 
Real time frequency analyzer
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when the displayed transmissibility for certain type o f antivibration gloves with H 
spectrum was less than 0.4; it suggested that the mounting o f the hand/glove 
accelerometer might not have aligned with the one on the handle. Care should be taken 
by test subject in the process o f testing.
The B&K dual channel frequency analyzer had the ability to store the processed data 
in a format which could be loaded to Microsoft Excel for data processing. The B&K 
Pulse™ was also used for monitoring test in replacement o f the B&K Dual Channel 
Frequency Analyzer. We only used the basic functions of pulse software which were 
covered by B&K dual channel frequency analyzer. Figure 3-16 shows a display of two 
acceleration signals and the transmissibility being calculated.
3.2.5 Accelerometer and signal conditioner
PCB piezoelectric accelerometer and the PCB signal conditioner were used together 
for acceleration signal collection. They worked as follows:
When vibration impinged on a piezoelectric accelerometer, it moved a small mass 
against the face of a crystal element. The crystal element produced an electrical voltage 
proportional to the compression of the mass against the crystal. This voltage was 
proportional to the acceleration. Because the voltage produced was often very small even 
loss of signal could easily occur, thus signal conditioner that can amplify the signal to 
different levels was used in combination o f accelerometers so that the acceleration signal 
was collected.
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Figure 3-16 Frequency analyzer of B&K pulse™
3.2.6 Data recorder
The TEAC digital data recorder could simultaneously record inputs from eight 
channels on a magnetic tape. In our test, two channels were used for the reference 
acceleration signal and the adapter acceleration signal. For every test, a test period of 
about 45 seconds was recorded. Since magnetic tape is a sequential storage mechanism, 
notes were taken relating the file number to the specific test (the tested glove types, the 
adapter used and test subjects, etc.). You could always rerun the stored files and redo the 
frequency analysis afterward.




Four types of antivibration gloves were used for evaluation (table 3-5). The test results 
would be compared to other laboratories' results to see how different lab conditions 
would affect the evaluation of the gloves. Each type o f glove had five sets of gloves o f 
different sizes. Five test subjects o f different hand sizes were tested.
Table 3-5 Abtivibration gloves tested
Glove No. Manufacturer Vibration absorbing material
Glove 1 Ansell Gelfoam
Glove 2 Zorber 3/8” foam polymer rubber
Glove 3 Kompress Air-impregnated foam rubber
Glove 4 Impacto Airbladder
3.3.2 Test subjects
Five tests subjects were tested wearing the antivibration gloves. They all had different 
hand sizes. Instructions on how to be a test subject were given and see 3.1.4. Figure 3-2 
showed the operator’s posture.
3.3.3 Adapters
ISO 10819 described the specification for accelerometer mounting. The transducer 
had to be held in the palm of the hand with an adapter (see figure 3-17). Figure 3-18
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shows a picture o f the two adapters used in the tests to contain the transducer. We defined 
the left adapter as the regular adapter and the right one as the white adapter. Their masses 
were 14.3g and 8.2g respectively without the transducer. Discussions on their effects on 
the test results are given in chapter 4. The dimensions o f the regular adapter and the white 
adapters are shown in figure 3-19 and figure 3-20.
Adaptor
Figure 3-17 Placement o f the adapter in the palm of hand
Figure 3-18 The two adapters used in antivibration glove tests
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Figure 3-20 White adapter drawing
Modification o f the adapter.
Figure 3-21(a), (b), (c) are pictures o f the accelerometers put into the adapter. 
Modification was done to the regular adapter. Originally according to ISO 10819, only 
the transversal slot was milled in the adapter for accommodating the cable of the
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accelerometer. Since the slot was too short, when the hand clasped the adapter, the 
accelerometer-cable connection would be affected (figure 3-21 (a) (b)). So would the test 
data, also the stress the cable was under would cause the accelerometer to break soon. A 
longer longitudinal slot was milled to accommodate the accelerometer cable (figure 3-21 
(c)), whose length was almost three times of the transversal one. With the longer 
longitudinal slot milled, the accelerometer-cable connection point stress was released, the 
accelerometer could last much longer.
(a) (c)
Figure 3-21 Accelerometer placement in the adapter
3.3.4 Problems during the test process 
Handle:
ISO 10819 required that the handle to have a circular section o f 40 mm diameter and a 
length o f 110 mm. The direction of the handle shoulf be vertical. Figure 3-22 shows the 
old and new handles used in the tests.
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Figure 3-22 Old and new handles
The problem with the old handle was that its natural frequency was within the range of 
H spectrum. In figure 3-23 we could see a spike aroimd frequency 1,100 Hz, which was 
the natural frequency o f the old handle. At this frequency the handle vibrated with such 
high magnitude that went beyond the abortion signals specified; thus the VibrationView 
system aborted immediately before taking any action. What’s more, the high magnitude 
would result in overloading of the system and the safety feature o f the MB Dynamic 
power amplifier would cause the amplifier to turn itself off automatically. Waming was 
also given by the amplifier as its lights turned into bright red color. All in all, with the 
high magnitude of the handle within H spectra, the test with spectrum H became 
impossible. Modification o f the handle was made so that the mass o f the handle was 
reduced or the stiffness was enhanced so that its first natural frequency was moved 
outside the range o f H. Figure 3-22 showed the two generations of the handle. The left 
one was the old handle that had a mass around 540g, its first natural frequency was 
within the H spectrum. No test could be carried out with this handle. The second handle 
(the right one in the picture) was thus created and manufactured. All tests were carried




Figure 3-22 Spike o f  the acceleration magnitude caused by the handle’s natural frequency
C . ‘
Figure 3-23 The well-controlled spectrum H test signal for the handle
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Overloading:
Overloading was another problem that would result test abortion. As pointed out 
previously, the natural frequency of the handle could cause very high magnitude o f 
vibration at this frequency. This directly resulted overloading o f the system. With the 
modified second generation of the handle, sometimes the magnitude o f vibration could go 
beyond control thus test abortion occurred. A mechanical method was used in restraining 
the possible high magnitude o f the handle’s vibration. We used a rubber band to tight up 
the handle to the body of the shaker, which provided enough room for required vibration 
but restricted high magnitude. The mechanism was shown in figure 3-25. Another cause 
for overloading was related to push force-sustaining mechanism shown in figure 3-11. 
When the air pressure inside the airbladder was too low, the airbladder lost the ability to 
support the required force (50 N ± 8 N), then the system was being overloaded. Aborting 
would be occurring and overloading would be signaling. Sometime before the air 
pressure inside the airbladder was two low, some signs might suggest that the test system 
had problems. One of them was from the acceleration values processed in B&K. real-time 
frequency analyzer, as given in table 3-4, the ranges of weighted acceleration values were 
given for spectra M and H. (3.4± 10% m/s' and 3.3 ± 10% m/s'). If the acceleration value 
was out of this range after 30 seconds averaging, it indicated it was time to check on the 
air pressure of the airbladder.
Latent problems:
Occasionally your test readings will appeared odd or the vibration stopped without 
any waming. No obvious signs could be seen and no abrupt noise could be heard. There 
were several causes for this to happen.
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■ r -
Figure 3-25 Mechanism used for restraining the handle’s vibration magnitude
1. Accelerometers have loosed or fallen o ff Accelerometers were attached to the 
handle or the adapter with bee’s wax, after long period o f testing; the connection 
may be loosed or fallen o ff This resulted abortion of the test without noticeable 
signs.
2. The batteries in the PCB signal conditioners might have gone dead after long 
period of test. Always checking the power lever before starting a new set of test. 
When low battery occurred, the test aborted without warnings.
3. The VibrationView controller might have problem from overheat. Since test 
instruments were almost in a packed situation, if long test period was the case, 
overheat o f some instruments may cause them malfunction. When the test 
aborted, and you were sure it was not caused by other latent reasons, it might be
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the overheat problem o f the VibrationView controller. When it occurred, the 
green light o f the controller (indicates ‘on’ state) was no longer bright, instead it 
blinks. No control function could be provided by the controller at this moment. 
The rescue for this situation was to unplug the controller and to wait for a while 
till its temperature went down.
Alighment o f  adapter in the glove
As the criteria suggested, the lower the transmissibility o f the glove, the better the 
glove. Based on this, test results were monitored. But sometimes results would be too 
good to be true. When the transmissibility value of the glove analyzed with the B&K 
analyzer was really low (less than 0.4), it did not necessarily mean the glove had 
excellent attenuating abilities. These results were sometimes associated with bad 
alignment of the two accelerometers (the reference one on the handle and the one on the 
adapter). The hand adapter was checked to ensure that it was properly aligned.
3.3.5 Tests
The instruments were connected into a test system per ISO 10819 according to figure 
3-4. Figure 3-5 shows the actual test equipment setup. The steps to take before data 
recording were as follows:
• Turn on the strain indicators, check the batteries, calibrate the gripping force 
and push force.
• Turn on the fan unit to keep the shaker system cool.
• Turn on the power amplifier for the vibration signal, wait to adjust the 
amplification factor till the test was started.
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• Turn on the signal conditioners and set the amplification factor at 10, which 
amplifies the vibration signals from the accelerometers.
•  Turn on the VibrationView controller and open VibrationView software; open 
the file setup with the wanted vibration spectrum.
• Turn on the B&K dual channel real-time analyzer or B&K pulse system and 
run the preset program for real-time frequency analyzer.
•  Turn on the data recorder to get ready for next file recording.
Then everything was ready conduct a test. Clicking on the run button on the Random 
test panel (figure3-9) or turn on the Start switch on the VibrationView controller 
(figure3-6), the system started to run; the shaker started to vibrate and its acceleration 
was fed back to the VibrationView through the accelerometer mounted on the handle, the 
starting graph looked most like the one showing in figure 3-26. After around 30 seconds 
or one minute, the controlled vibration signal o f the handle stabilized within the tolerance 
range. The test could then be started.
First round: Bare handed test
As shown in equation 3-4, this test was needed for transmissibility correction. The test 
subjects were instructed to clasp the handle the way described before. He needed to 
watch the strain indicator panels (figure 3-28, 3-29) to make sure the gripping force and 
the push force were within the required range. It took about a minute for both 
acceleration signals to be stabilized. Then ran the real-rime analyzer for 30 seconds, 
record the signals for 45 seconds for later reviewing. Figure 3-26 shows the stabilized 
signals with bare hand tests.
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Figure3-26 Stabilized two acceleration signals
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B
Figure 3-28 Push force indicator Figure 3-29 Gripping force indicator
Second round: Gloved tests:
As instructed, the test subjects put on the gloves and aligned the two accelerometers’ 
centers and held on to the handle in the manner described in section 3.1.4. Waiting about 
one minute for signal stabilizing, then started real-time frequency analyzing and data 
recording. After 30 seconds of averaging time, the analyzer displayed the final 
acceleration levels in m/s^ both of the ISO weighted value and the linear value. This 
helped monitor the test. If the acceleration levels were not within the right range (table 3- 
4), the test was re-ran and the test data were re-recorded. Similarly a time period of 45 
seconds was required for each recording. Figure 3-14 shows a representation o f the two 
acceleration signals when the glove was worn.
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RESULTS AND DISCUSSIONS
In chapter I we pointed out too much vibration exposure can be harmful to workers’ 
health. HA VS was the general term used to describe the conditions vibrating tool users 
may suffer. To find the dose-effect relationship o f the vibration exposure to the severity 
o f  the HAVS and to find an effective way in reducing vibration transmission, we tried to 
model the hand-arm-glove system in chapter 2, also we modeled the airbladder inside the 
airbladder antivibration gloves as an impedance unit. With a view to validate the 
correctness o f the models and to evaluate several types of antivibraton gloves, a series of 
transmissibility tests of gloves were carried out in CMEST at UNLV. Chapter 3 
overviewed the test standard and described the test procedures. In this chapter we are 
going to present the test results and make some discussions on them.
4.1 Transmissibility of the gloves
Evaluation o f  the gloves based on weighted acceleration transmissibility:
As pointed out in 3.1.1, the criteria specified by ISO 10819 for a glove to be
considered as an antivibration glove is its mean transmissibility TR^ must be less than 1 
for the medium spectrum M (16-400Hz) and less than 0.6 for the high spectrum H
75
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(100-1600). Here the weighted acceleration was considered, the weighting filter is 
specified in ISO 5349 (1986) [7] and can be found in appendix A. The mean weighted 
transmissibility of the test subjects was calculated. The first set o f transmissibility results 
o f the four types of gloves were averaged among three test subjects (see table 4-1 and 4- 
2). The second set was from five test subjects, (see table 4-3 and 4-4). Both sets o f results
include two parts for spectra M and H, i.e. TR^  and TR^ . Two adapters were used for 
the three-subject and five-subject tests. These results are presented in table 4-1— 4-4 for 
the regular adapter and table 4-5—4-8 for the white adapter. Comparison o f the difference 
could be found in table 4-9.
All together four types o f anti vibration gloves were tested. Each glove type had five 
separate gloves numbered in order for five different test subjects whose hands were of 
different sizes. Tables and plots were generated for presenting the transmissibility test 
results. The tables presented ISO weighted transmissibility; the plots showed 
transmissibility as a function of frequency.
Judging from the results listed in table 4-1, all four types o f gloves met the criteria for
spectrum M: 77?^ <1.0. Then the results for spectnun H became determinative in
evaluating these antivibration gloves. From table 4-2 we found TR„ o f glove 1 and 
glove 3 were 0.770 and 0.659 respectively, which exceeded 0.6; thus both type 1 and type 
3 gloves could not be considered as anti vibration gloves. Meanwhile, glove 2 and glove 4
had their TR^ ’s well below 0.6; they were 0.461 and 0.544, respectively. Both type 2 
and type 4 gloves met the standard for antivibration gloves. This evaluation was based on 
3 test subjects. These tests were carried out with the regular adapter.
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Table 4-1 ISO weighted transmissibility of the four gloves-M-Regular adapter-3 Subjects
ISO weighting ( 16-400) Regular adapter
Glove Test TR^f, TR^^ StdevType Subjects
1 1 0.8 0.83 0.800 0.830 0.815 0.021
Glove 2 0.99 0.76 0.73 0.768 0.737 0.753 0.021
1 3 1 0.67 0.63 0.670 0.630 0.650 0.028
Mean corrected transmissibility TRi^ and stdev 0.739 0.024
1 1 0.83 0.85 0.830 0.850 0.840 0.014
Glove 2 0.99 0.74 0.66 0.747 0.667 0.707 0.057
2 3 1 0.86 0.89 0.860 0.890 0.875 0.021
Mean corrected transmissibility TRf^ and stdev 0.807 0.089
1 1 0.8 0.8 0.800 0.800 0.800 0.000
Glove 2 0.99 0.79 0.81 0.798 0.818 0.808 0.014
3 3 1 0.86 0.79 0.860 0.790 0.825 0.049
Mean corrected transmissibility TRf^ and stdev 0.811 0.013
1 1 0.76 0.77 0.760 0.770 0.765 0.007
Glove 2 0.99 0.78 0.65 0.788 0.657 0.722 0.093
4 3 1 0.71 0.68 0.710 0.680 0.695 0.021
Mean corrected transmissibility TRu  ^ and stdev 0.727 0.035
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Table 4-2 ISO weighted transmissibility o f  the four gloves-H-Regular adapter-3 Subjects




Subjects TRnb TR % TRh — TRffg /  TRfji, ^Rntavg) Stdev
1 0.98 0.79 0.77 0.806 0.786 0.796 0.014
Glove 2 0.98 0.75 0.77 0.765 0.786 0.776 0.014
1 3 0.96 0.72 0.7 0.750 0.729 0.740 0.015
Mean corrected transmissibility TR^ and stdev 0.770 0.029
1 0.98 0.45 0.43 0.459 0.439 0.449 0.014
Glove 2 0.98 0.46 0.48 0.469 0.490 0.480 0.014
2 3 0.96 0.43 0.44 0.448 0.458 0.453 0.007
Mean corrected transmissibility TRff and stdev 0.461 0.017
1 0.98 0.7 0.63 0.714 0.643 0.679 0.051
Glove 2 0.98 0.7 0.67 0.714 0.684 0.699 0.022
3 3 0.96 0.56 0.59 0.583 0.615 0.599 0.022
Mean corrected transmissibility TRff and stdev 0.659 0.053
1 0.98 0.54 0.56 0.551 0.571 0.561 0.014
Glove 2 0.98 0.58 0.5 0.592 0.510 0.551 0.058
4 3 0.96 0.51 0.49 0.531 0.510 0.521 0.015
Mean corrected transmissibility TRff and stdev 0.544 0.021
To find out whether variation o f test subjects would have crucial effects on test results 
or not, we carried out the tests with five different test subjects o f different hand sizes; two 
more test subjects than the standard ISO 10819 required. Table 4-3 and table 4-4 
presented the results averaged with 5 test subjects. Seen from table 4-3 all four types o f
gloves met the criteria for spectrum M; TR^ <1.0. Thus the evaluation o f the gloves
depended only on the results for spectrum H. From table 4-4 we found TR„ of glove 1 
and glove 3 were 0.766 and 0.708 respectively, which exceeded 0.6; thus both type 1 and 
type 3 gloves can not be considered as antivibration gloves.
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Table 4-3 ISO weighted transmissibility o f  the four gloves-M-Regular adapter-5 Subjects
ISO w eighting (16-400) R egular adapter
G love Test T'^M{avg) Stdev
Type Subjects
1 1 0.8 0.83 0.800 0.830 0.815 0.021
2 0.99 0.9 0.92 0.909 0.929 0.919 0.014
G love 3 0.99 0.76 0.73 0.768 0.737 0.753 0.021
1 4 1 0.67 0.63 0.670 0.630 0.650 0.028
5 1 0.89 0.88 0.890 0.880 0.885 0.007
M ean corrected transm issib ility 77?^ and stdev 0.804 0.018
1 1 0.83 0.85 0.830 0.850 0.840 0.014
2 0.99 0.74 0.66 0.747 0.667 0.707 0.057
G love 3 1 0.86 0.89 0.860 0.890 0.875 0.021
2 4 1 0.68 0.81 0.680 0.810 0.745 0.092
5 1 0.84 0.85 0.840 0.850 0.845 0.007
M ean corrected transm issib ility TR^ and stdev 0.802 0.072
1 1 0.8 0.8 0.800 0.800 0.800 0.000
2 0.99 0.79 0.81 0.798 0.818 0.808 0.014
G love 3 1 0.86 0.79 0.860 0.790 0.825 0.049
3 4 1 0.84 0.88 0.840 0.880 0.860 0.028
5 1 0.93 0.93 0.930 0.930 0.930 0.000
M ean corrected transm issib ility TR ^  and stdev 0.845 0.053
1 1 0.76 0.77 0.760 0.770 0.765 0.007
2 0.99 0.78 0.65 0.788 0.657 0.722 0.093
G love 3 1 0.71 0.68 0.710 0.680 0.695 0.021
4 4 1 0.83 0.88 0.830 0.880 0.855 0.035
5 1 0.83 0.78 0.830 0.780 0.805 0.035
M ean corrected transm issib ility TR^  and stdev 0.768 0.064
Meanwhile, glove 2 and glove 4 had their TR„ ’s well below 0.6, they were 0.463 and 
0.532 respectively. Both type 2 and type 4 gloves met the standard of antivibration 
gloves. There was no substantial difference in the evaluation using 3 subjects’ results or 
5’s. The regular adapter test results were used for these tests.
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ISO w eighting ( I GO-1600) R egular adapter
TRffi, TRff =TRffg/TR„!j '^^Hiavg) Stdev
1 0.98 0.79 0.77 0.806 0.786 0.796 0.014
2 0.98 0.75 0.77 0.765 0.786 0.776 0.014
G love 3 0.96 0.72 0.7 0.750 0.729 0.740 0.015
1 4 0.96 0.76 0.73 0.792 0.760 0.776 0.022
5 0.99 0.74 0.73 0.747 0.737 0.742 0.007
Mean corrected transm issib ility TRff and stdev 0.766 0.024
1 0.98 0.45 0.43 0.459 0.439 0.449 0.014
2 0.98 0.46 0.48 0.469 0.490 0.480 0.014
G love 3 0.96 0.43 0.44 0.448 0.458 0.453 0.007
2 4 0.96 0.46 0.44 0.479 0.458 0.469 0.015
5 0.99 0.45 0.47 0.455 0.475 0.465 0.014
Mean corrected transm issib ility TR^ and stdev 0.463 0.012
1 0.98 0.7 0.63 0.714 0.643 0.679 0.051
2 0.98 0.7 0.67 0.714 0.684 0.699 0.022
G love 3 0.96 0.56 0.59 0.583 0.615 0.599 0.022
3 4 0.96 0.73 0.72 0.760 0.750 0.755 0.007
5 0.99 0.79 0.81 0.798 0.818 0.808 0.014
Mean corrected transm issib ility TR„ and stdev 0.708 0.079
I 0.98 0.54 0.56 0.551 0.571 0.561 0.014
2 0.98 0.58 0.5 0.592 0.510 0.551 0.058
G love 3 0.96 0.51 0.49 0.531 0.510 0.521 0.015
4 4 0.96 0.46 0.44 0.479 0.458 0.469 0.015
5 0.99 0.59 0.52 0.596 0.525 0.561 0.050
Mean corrected transm issib ility TR„ and stdev 0.532 0.039
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Table 4-5 ISO weighted transmissibility o f  the four gloves-M-White adapter-3 Subjects




Subjects TR»t T'R. Stdev
I 1 0.77 0.82 0.770 0.820 0.795 0.035
G love 2 0.99 0.9 0.93 0.909 0.939 0.924 0.021
1 3 1 0.73 0.75 0.730 0.750 0.740 0.014
M ean corrected transm issib ility TRf^ and stdev 0.820 0.095
1 1 0.96 0.85 0.960 0.850 0.905 0.078
G love 2 0.99 0.96 0.82 0.970 0.828 0.899 0.100
2 3 1 0.89 0.89 0.890 0.890 0.890 0.000
M ean corrected transm issib ility 77?^ and stdev 0.898 0.008
1 1 0.78 0.82 0.780 0.820 0.800 0.028
G love 2 0.99 0.86 0.83 0.869 0.838 0.854 0.021
3 3 1 0.77 0.88 0.770 0.880 0.825 0.078
M ean corrected transm issib ility 77?*, and stdev 0.826 0.027
1 1 0.88 0.85 0.880 0.850 0.865 0.021
G love 2 0.99 0.84 0.78 0.848 0.788 0.818 0.043
4 3 1 0.76 0.69 0.760 0.690 0.725 0.049
M ean corrected transm issib ility 77?*, and stdev 0.803 0.071
Table 4-5 to table 4-8 presented test results with the white adapter. Similarly we 
analyzed the test results and made the evaluation of the gloves.
Seen from table 4-5 all four types o f gloves met the criteria for spectrum M:
TR^  <1.0 . Thus the evaluation of the gloves depended only on the results in spectrum
H. From table 4-6 we found 77?^ o f glove 1 and glove 3 were 0.755 and 0.657 
respectively, which exceeded 0.6; thus both type 1 and type 3 gloves could not be
considered as antivibration gloves. Meanwhile, glove 2 and glove 4 had their TR„ ’s well 
below 0.6. They were 0.437 and 0.513 respectively. Both type 2 and type 4 gloves met 
the standard of antivibration gloves. This evaluation was based on the same three test 
subjects. The results were based on test results carried out with the white adapter.
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Table 4-6 ISO weighted transmissibility o f the four gloves-H-White adapter-3 Subjects




Subjects TR„b TR% TRh — TRffg /  TRfff, Stdev
I 0.99 0.8 0.79 0.808 0.798 0.803 0.007
G love 2 0.98 0.7 0.65 0.714 0.663 0.689 0.036
1 3 0.95 0.75 0.72 0.789 0.758 0.774 0.022
M ean corrected transm issibility TR„ and stdev 0.755 0.022
I 0.99 0.4 0.38 0.404 0.384 0.394 0.014
G love 2 0.98 0.4 0.48 0.408 0.490 0.449 0.058
2 3 0.95 0.48 0.41 0.505 0-432 0.468 0.052
M ean corrected transm issibility TR„ and stdev 0.437 0.041
1 0.99 0.59 0.6 0.596 0.606 0.601 0.007
G love 2 0.98 0.76 0.74 0.776 0.755 0.765 0.014
3 3 0.95 0.57 0.58 0.600 0.611 0.605 0.007
M ean corrected transm issibility TRff and stdev 0.657 0.010
1 0.99 0.54 0.55 0.545 0.556 0.551 0.007
G love 2 0.98 0.56 0.51 0.571 0.520 0.546 0.036
4 3 0.95 0.4 0.44 0.421 0.463 0.442 0.030
M ean corrected transm issibility TRff and stdev 0.513 0.024
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ISO weighting (16-400) White adapter
— ^^Mg / ^^M{avg) Stdev
I 1 0.77 0.82 0.770 0.820 0.795 0.035
2 0.99 0.9 0.93 0.909 0.939 0.924 0.021
Glove 3 1 0.73 0.75 0.730 0.750 0.740 0.014
1 4 0.99 0.92 0.89 0.929 0.899 0.914 0.021
5 1 0.87 0.94 0.870 0.940 0.905 0.049
Mean corrected transmissibility 77?*, and stdev 0.856 0.083
1 1 0.96 0.85 0.960 0.850 0.905 0.078
2 0.99 0.96 0.82 0.970 0.828 0.899 0.100
Glove 3 1 0.89 0.89 0.890 0.890 0.890 0.000
2 4 0.99 0.88 0.91 0.889 0.919 0.904 0.021
5 1 0.8 0.76 0.800 0.760 0.780 0.028
Mean corrected transmissibility 77?*, and stdev 0.876 0.054
I 1 0.78 0.82 0.780 0.820 0.800 0.028
2 0.99 0.86 0.83 0.869 0.838 0.854 0.021
Glove 3 1 0.77 0.88 0.770 0.880 0.825 0.078
3 4 0.99 0.91 0.98 0.919 0.990 0.955 0.050
5 1 0.88 0.89 0.880 0.890 0.885 0.007
Mean corrected transmissibility 77?*, and stdev 0.864 0.060
I 1 0.88 0.85 0.880 0.850 0.865 0.021
2 0.99 0.84 0.78 0.848 0.788 0.818 0.043
Glove 3 1 0.76 0.69 0.760 0.690 0.725 0.049
4 4 0.99 0.93 0.82 0.939 0.828 0.884 0.079
5 1 0.88 0.82 0.880 0.820 0.850 0.042
Mean corrected transmissibility 77?*, and stdev 0.828 0.063
Similarly to find out how variation o f test subjects would affect test results, evaluation 
o f the gloves with 5 test subjects were carried out with the white adapter results too.
Seen from table 4-7 all four types of gloves met the criteria for spectrum M:
TR^ <1.0. Thus the evaluation of the gloves depends only on the results in spectrum H.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
84
From table 4-8 we found TR„ o f glove 1 and glove 3 were 0.769 and 0.714 respectively, 
which exceeded 0.6; thus both type 1 and type 3 gloves could not be considered as 
anti vibration gloves. Meanwhile, glove 2 and glove 4 got their 77?„ ’s well below 0.6, 
they were 0.446 and 0.506 respectively. Both type 2 and type 4 gloves met the standard 
o f antivibration gloves. Similarly, there was no substantial difference in the evaluation 
using three subjects results or five subjects when using test results from white adapter.
Table 4-8 ISO weighted transmissibility o f  the four gloves-H-White adapter-5 Subjects




Subjects TRHb 77?Hg TRh — 77?„g / 77?#* Stdev
1 0.99 0.8 0.79 0.808 0.798 0.803 0.007
2 0.98 0.7 0.65 0.714 0.663 0.689 0.036
Glove 3 0.95 0.75 0.72 0.789 0.758 0.774 0.022
1 4 0.97 0.8 0.72 0.825 0.742 0.784 0.058
5 1 0.8 0.79 0.800 0.790 0.795 0.007
Mean corrected transmissibility 77?# and stdev 0.769 0.026
1 0.99 0.4 0.38 0.404 0.384 0.394 0.014
2 0.98 0.4 0.48 0.408 0.490 0.449 0.058
Glove 3 0.95 0.48 0.41 0.505 0.432 0.468 0.052
2 4 0.97 0.43 0.4 0.443 0.412 0.428 0.022
5 1 0.5 0.48 0.500 0.480 0.490 0.014
Mean corrected transmissibility 77?# and stdev 0.446 0.032
1 0.99 0.59 0.6 0.596 0.606 0.601 0.007
2 0.98 0.76 0.74 0.776 0.755 0.765 0.014
Glove 3 0.95 0.57 0.58 0.600 0.611 0.605 0.007
3 4 0.97 0.7 0.76 0.722 0.784 0.753 0.044
5 1 0.9 0.79 0.900 0.790 0.845 0.078
Mean corrected transmissibility TR„ and stdev 0.714 0.030
I 0.99 0.54 0.55 0.545 0.556 0.551 0.007
2 0.98 0.56 0.51 0.571 0.520 0.546 0.036
Glove 3 0.95 0.4 0.44 0.421 0.463 0.442 0.030
4 4 0.97 0.45 0.42 0.464 0.433 0.448 0.022
5 1 0.55 0.54 0.550 0.540 0.545 0.007
Mean corrected transmissibility 77?,, and stdev 0.506 0.020
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Table 4-9 Comparison o f test results with two adapters -3  subjects
Adapters Glove 1
Glove 2 Glove 3 Glove 4







0.739 0.770 0.807 0.461 0.811 0.659 0.727 0.544
0.024 0.029 0.089 0.017 0.013 0.053 0.035 0.021
0.820 0.755 0.898 0.437 0.826 0.657 0.803 0.513
0.095 0.022 0.008 0.041 0.027 0.010 0.071 0.024
Table 4-10 Comparison of test results with two adapters -5  subjects
Adapters Glove 1 Glove 2 Glove 3 Glove 4
TRh TR^ TRh TRh TRh
Regular
Adapter 0.804 0.766 0.802 0.463 0.845 0.708 0.768 0.532
stdev 0.018 0.024 0.072 0.012 0.053 0.079 0.064 0.039
White
Adapter 0.856 0.769 0.876 0.446 0.864 0.714 0.828 0.506
stdev 0.083 0.026 0.054 0.032 0.060 0.030 0.063 0.020
Tables4-9 and 4-10 indicate there were no significant difference in the test results 
obtained from test groups o f three or five test subjects, nor from the use o f the two 
different-sized adapters. As will be shown, the same trends were observed from the third 
octave transmissibility plots.
Transmissibility ofgloves as function o f  frequency.
The transmissibility values over the third-octave frequency range from 16Hz to 1600 
Hz were obtained as follows:
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• From 16 Hz to 100 Hz: transmissibility values were based on results obtained 
with vibration spectrum M;
• From 400 Hz to 1600 Hz: transmissibility values were based on results 
obtained with vibration spectrum H.
• From 100 Hz to 400 Hz: transmissibility values were the average of both 
results obtained with vibration spectrum M and H.
The transmissibility values for the four types o f gloves were plotted as functions o f 
third octave frequency band. Figure 4-1 and figure 4-2 are plots o f the results with the 
two adapters, respectively.
Transmissibility plots for the four glove types over the M and H spectrums are shown 
in Appendix D.
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Comparison of the 4 types of gloves 
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Figure 4-1 Vibration transmissibility comparison o f 4 gloves with regular adapter
Comparison of the 4 types of gloves 
Transmissibility as function of frequency-White adapters
Ie
§ 0.1
S —e — Glove 1 
- - O - • Glove 2 




< 4 ^ ^ i A t P f l D O C N  ( d O i A v - ^ O C
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Figure 4-2 Vibration transmissibility comparison o f 4 gloves with white adapter
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For each glove, the transmissibility results with the two adapters were plotted in the 
same graph for comparison of adapters. Figure 4-3 to 4-6 show these comparisons. As we 
found with weighted acceleration transmissibility results given in tables 4-9 and 4-10, no 
substantial difference in test results with the two different adapters could be found with 
these plots.
4.2 M odel fit
In chapter two, two mathematical models o f antivibaration glove were analyzed and 
discussed. The first model was based on a four-degree-of-freedom, mass-spring-damper 
model o f  the hand-arm system, while the glove was modeled as the fifth element in a 
five-degree-of-freedom vibrating system model. The second model focused on 
impedances o f  the hand-arm system and the airbladder and their relationship being 
coupled to each other in the antivibration glove tests. The approach modeled the 
airbladder as an impedance unit with different impedance elements. Expression for 
transmissibility calculation was found as function o f dynamic compliance of the hand- 
arm system (2-80). Impedance experiments [20] were carried out finding the dynamic 
compliance o f the hand-arm system under conditions very close to actual working 
conditions
Curve fitting was done between the calculated transmissibility using these models and 
the experimental results. Figure 4-7 and figure 4-8 show the comparison of three 
predicted transmissibility to the experimental transmissibility with regular adapter and 
white adapter respectively.
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Comparison of two adaptors’ affect 
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Figure 4-3 Vibration transmissibility comparison of two adapters (glove 1)
Comparison of two adapters* effect 
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Figure 4-4 Vibration transmissibility comparison of two adapters (glove 2)
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Comparison of two adaptais" afldct 
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Figure 4-5 Vibration transmissibility comparison o f two adapters (glove 3)
Comparison of two adapters" effect 
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Figure 4-6 Vibration transmissibility comparison o f two adapters (glove 4)
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Curve-fitting of Caiculated Transmissibility 
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Figure 4-8 Comparison o f different model fits to tested data with white adapter





•  Hand-arm system under vibration exposure can be modeled as a multi-degree o f 
freedom, mass-spring-damper vibration system when the hand and arm are 
exposed to vibration. The hand and arm can be broken into a number o f discrete 
mass, linear spring, and viscous damping elements.
•  The greater the number o f the degree-of-freedom, the more accurate the model.
• The airbladder of the anti vibration glove can be considered to constitute one more 
degree of freedom to the hand-arm system model.
•  The airbladder can also be modeled as an impedance unit with mass, spring and 
damper acting in parallel.
• Prediction of airbladder’s transmissibility can be made indirectly if we know the 
hand-arm s impedance characters (or dynamic compliance).
Conclusion on gloves
•  Glove types 1 and 3 cannot be considered as antivibration gloves.
• Glove types 2 and 4 met the requirement to be classified as antivibration gloves 
per the requirement of ISO 10819.
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• Glove 2 used a thick pads (3/8” foam polymer rubber) that made it difficult to 
grip the test handle.
• The airbladder antivibration glove, glove type 4, was the best overall antivibration 
glove to wear for vibration exposure situations.
•  The airbladder proved to be efficient in attenuating vibration transmission at 
medium and high frequencies.
•  At some frequencies gloves tended to amplify the vibration transmissibility, 
where the glove has no antivibration property.
Conclusion on test setup and test equipment
•  No obvious difference in the vibration transmissibility test result was found using 
different adapters. Thus it is possible to use the smaller adapter for ISO 10819 
vibration transmissibility tests.
• VirbrationView software and hardware proved to be very efficient in generating 
and maintaining the test vibration signals.
• The feedback control network provided by the VibrationView controller was very 
efficient in creating and maintaining the desired signals.
•  The airbladder used with the shaker can provide the necessary support when the 
push force was applied so that the coil of the shaker would not displace ver far.
•  The rubber band which provides a boimding force on the handle to the shaker 
prevents the shaker from being unstable when large accelerations were excite for 
the spectrum H.
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5.2 Recommendations
Recommendations on test procedures
•  A new handle whose natural frequency is outside o f the frequency range o f spectrum 
H is desirable for easier feedback to control test vibration levels.
•  More specific test signals which represent actual vibration signals for different tools 
are necessary for a more accurate evaluation of the vibration attenuation o f 
antivibraion gloves for actual working conditions.
•  The criteria o f ISO 10819 for the evaluation o f antivibration gloves which is based 
only on ISO weighted transmissibility tend to weight the lower frequencies more 
heavily than the higher frequencies. Thus, it may not give a complete indication o f  the 
glove’s true vibration attenuation ability. The linear transmissibility which weights all 
frequencies equally, should also be included as a criteria method in the standard.
•  Variation o f test situations which vary the grip force and push force values should be 
investigated to determine how these values affect the transmissibility o f the gloves.
Recommendations on modeling
•  Models of more degrees o f freedom should be investigated.
•  Impedance tests of the system should be carried out in refining the impedance model.
•  Tests on specific airbladders which mostly resemble the air bladder characteristics 
built inside the anitvibration gloves should be carried out to get more accurate 
predictions.
•  Energy transmissibility should be looked at. It is important to find a methematical 
model to calculate the amount o f energy transmitted into the hand-arm system.
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Fig. A-1. ISO Weighting Factors (Kj) for conversion of third octave band measurements
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Table B-1. 10 third-octave band tested acceleration results and their average among 5
subjects o f the handle tested with glove 1, regular adapter and spectrum H.
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Comments:
(5) in Average Acceleration (5) means the averaged acceleration was o f 5 test subjects and 10 acceleration 
results listed in the 10 columns.
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Table B-2. 10 third-octave band tested acceleration results and their average among 3
subjects of the handle tested with glove 1, regular adapter and spectrum H.
H
O  —  CN <N O— ^  CN m ^
“  o  o  o  oo
d o  o  o  o  o  o  o
O o o o o s ' ^ c N O o r - ‘ p  —  OCNmCNr n Vi OOCN^ Op NOP p O p p p p C N p f ^ P
d  d  o  d  ^  ^  —  fs
so o CN O n 00 r- 00 NO CN TT
OO fO CN NO OO "V V Vi
CN P p p Vi Mi \0 Mi
CN o d CN CN
r*- SO o\ ON r- r** o Vi
CN r- o O n o CN
O 5 NO 'O o P O
v i ON CN v i NO v i d Mi Mi
CN CN f*i m Mi Mi Mi CN O n
Vi Vi m r*» Vi NO CN
OO r- OO r- OO P O' OO
NO O n CN v i NO Mi 00 CN CN
CN CN Mi Mi CN CN O n
r~ Vi OO Vi ON Mi
NO 00 p CN o CNv i O f*i NO ON Mi
CN m cn Mi Ml CN CN O n
O n O n O n o 2 Vi Mir- OO Mi NO Vi
d O n cn v i SO ON* CN sdCN CN r<i Mi Mi CN CN O'
NO OO Vi Mi o Vi
CN m P CN P CN
o v i O n m v i O n o
CN CN CN m Mi C^ Ml CN O n
SO Vi r- o Vi NO
m 00 CN r~ p CN OO r-
NO ON cn NO NO O n CN rn
CN CN m Mi Mi Mi CN CN O n
CN Vi 00 CN Vi OO CN Tf
f*i 00 m p r- Vi
v i O n so O n CN MÎ
CN CN Mi Mi Mi CN CN O n
NO OO r— Ml Mi Vi rr
P p OO O Vi
Vi O NO d Tf d Mi
CN m m Mi Mi Mi Mi CN O n
Vi O NO r~“ O n Ml CN
CN r- 'O OO NO O n Ml
NO d NO d O n CN
CN m m Mi Mi Mi CN CN O'
O Vi OO OO CN 00 Ml
r- CN so O n Mi CN Vi
v i d d v i O n Ml
CN m m Mi Mi Mi CN CN O n
CN Vi 00 o
m OO O' O n O n
v i O n CN Vi d rn OO CN CN








IIÎ § vOod Vi CN Viso — 00 00 o  o  o  o  d  d  d  d O  ON o  o  2  2  — CZd  d  d  d o  O n r-OO NO —  CN IN ^  pd  d  rn d s00 CN SO O n no NO ONON %
§
d
— • r**- o  o  O'
p  o  o  —  o
d  d  d  d  d d  d  d  d
NO
CN
O  Vi r"* —  O  O
O O O O  —  “ • © " • p r y  p
d  d  d  d  d  d  d  d  d  d  d
O' 00 Vi ^  00 NO —
O  —  —  CN Tf
d  d  d  d  d





































d d Mi d d vi
CN CN NO O  ^
o  o  —  o
o  o  o  o  o
§  -= 3 8 2  
d  d  d  d
Vi O
o  o  o
o  0 0
ON ONp p . .  
o  o  o  o
O  CN Vi














































O  —  OO O  O  O n CN
O  p  o  o  —  o  p
d d d d d d d d d d d
—  O  Vi OO Vi r*»MM MM MM MM ^5 O'
o  O n —
O n OO O
^CNONmCN' —OOVi'OON 






o  — ONCN — C N - ^ V i N O O ^ O N C ^ O  
O  O  O — «— O — CN Tf r*^  ^
O O O O O O O O O O O O r O










(3) in Average Acceleration (3) means the averaged acceleration was o f  3 test subjects and 6 acceleration 
results listed in the first 6 o f 10 columns.
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Table B-3. 10 third-octave band tested acceleration results and their average among 5
subjects o f the adapter inside glove tested with glove 1, regular adapter and spectrum H.
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Comments:
(5) in Average Acceleration (5) means the average acceleration was o f 5 test subjects and 10 acceleration 
results listed in the 10 columns.
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Table B-4. 10 third-octave band tested acceleration results and their average among 3
subjects o f the adapter inside glove tested with glove 1, regular adapter and spectrum H.
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(3) in Average Acceleration (3) means the average acceleration was o f  3 test subjects and 6 acceleration 
results listed in the first 6 o f  10 columns.
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Table B-5. 10 third-octave band tested acceleration results and their average among 5
subjects of the handle tested with glove 1, white adapter and spectrum H.
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Table B-6. 10 third-octave band tested acceleration results and their average among 3
subjects o f the handle tested with glove 1, white adapter and spectrum H.
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results listed in the first 6 o f 10 columns.
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Table B-7. 10 third-octave band tested acceleration results and their average among 5
subjects o f the adapter inside glove tested with glove 1, white adapter and spectrum H.
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results listed in the 10 columns.
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Table B-8. 10 third-octave band tested acceleration results and their average among 3
subjects of the adapter inside glove tested with glove 1, white adapter and spectrum H.
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(3) in Average Acceleration (3) means the average acceleration was o f 3 test subjects and 6 acceleration 
results listed in the first 6 o f  the 10 columns.
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Table B-9. 10 third-octave band tested acceleration results and their average among 5
subjects of the handle tested with glove 2, regular adapter and spectrum H.
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Table B-10. 10 third-octave band tested acceleration results and their average among 3
subjects o f the handle tested with glove 2, regular adapter and spectrum H.
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(3) in Average Acceleration (3) means the averaged acceleration was o f  3 test subjects and 6 acceleration 
results listed in the first 6 o f  10 columns.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
108
Table B-11. 10 third-octave band tested acceleration results and their average among 5
subjects of the adapter inside glove tested with glove 2, regular adapter and spectrum H.
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Table B-12. 10 third-octave band tested acceleration results and their average among 3
subjects o f the adapter inside glove tested with glove 2, regular adapter and spectrum H.
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(3) in Average Acceleration (3) means the average acceleration was o f  3 test subjects and 6 acceleration 
results listed in the first 6 o f l O columns.
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Table B-13. 10 third-octave band tested acceleration results and their average among 5
subjects o f the handle tested with glove 2, white adapter and spectrum H.
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(5) in Average Acceleration (5) means the averaged acceleration was o f  5 test subjects and 10 acceleration 
results listed in the 10 columns.
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Table B-14. 10 third-octave band tested acceleration results and their average among 3
subjects of the handle tested with glove 2, white adapter and spectrum H.
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Comments:
(3) in Average Acceleration (3) means the averaged acceleration was o f  3 test subjects and 6 acceleration 
results listed in the first 6 o f  10 columns.
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Table B-15. 10 third-octave band tested acceleration results and their average among 5
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(5) in Average Acceleration (5) means the average acceleration was o f  5 test subjects and 10 acceleration 
results listed in the 10 columns.
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Table B-16. 10 third-octave band tested acceleration results and their average among 3
subjects o f the adapter inside glove tested with glove 2, white adapter and spectrum H.
o d d d d d d d d o o o o o  — O O  — O O O O O O O
m —rn mmri -  — o





















d d o d d d d d d d d d X © 00 Os X X d d S
§ g o g o o o rN CN <rCN
ooCN OsOp ©«Ci 8
r-«Ci 8 ooCN OOrn CNCN ©rn mc- orr
CNrn g
d d d d d d d d d d d d X X X — — OO X X X d d CN
§ g o § o o o m © mCN 3 om
mop «c> r-«Ci CN«Ci
Os ooop s «CiOs g
CNCN r~© o.m 3 ©rn
d d d d d d o d d d d d X X X 2 — X «Ci X X d d 3
1 § o O 8 — 8 3 3 om m «Ci g 2w
os g mCN os CN© 5 9 rrrn p 3
Î d d d d d d d d d d d
o X oo - O Os © rr X d d d CN
I s g 8 g o o o Os 3 CNm r-m OS «Ci CN r** O o«Ci 5 s r -«Ci 3 «Ci CN<
g d d d d d d d d d d d
d X © 00 d Os © rr X d o —
•£ s o o o g g g 8 o 8 CN «Ci
«Ci«Ci O «Ci'T 8X
«Ci
P
os CN ©«Ci s 3 3
r~-
rn
d d d d d d d O d d d d — X © oo w Os © rf X — — d d
1 Î r— o 00 r** o r- oo •n oo O rn «Ci O Os C- «Ci m o «Cio o o o o o o o n: © CN «Ci «Ci2
i












































1 g 8 3 g 8 o o m oo om 8 3 oo ®. © 8 9 op 3
c-
«Ci
CN«Ci ©CN OO 2 Osm g ©
1 d d o ' d d d d d d d d O X © — o X X X d d CN
o oo o c © o o Os CN © m © 00 CN V rr <n «Ci CN © oo r~ — ©o 5 o o o o CN CN m CN CM «Ci CN © CN c- rn
d d d d d d d d d d d d X X o os X X X d O —
© o o 00 o CN cn O o \ m f N P" © (N Tf © oo © Os cn m5 o o S o 5 tmm f N m o o \ © O «Ci m CN © TT ©








X © 8 fN
«n
m








o«CiCN I .1mj i
Comments:
(3) in Average Acceleration (3) means the average acceleration was o f 3 test subjects and 6 acceleration 
results listed in the first 6 o f  10 columns.
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Table B-17. 10 third-octave band tested acceleration results and their average among 5
subjects o f the handle tested with glove 3, regular adapter and spectrum H.
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(5) in Average Acceleration (5) means the averaged acceleration was o f 5 test subjects and 10 acceleration 
results listed in the 10 columns.
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Table B-18. 10 third-octave band tested acceleration results and their average among 3
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(3) in Average Acceleration (3) means the averaged acceleration was of 3 test subjects and 6 acceleration 
results listed in the first 6 o f 10 columns.
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Table B-19. 10 third-octave band tested acceleration results and their average among 5
subjects o f the adapter inside glove tested with glove 3, regular adapter and spectrum H.
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Comments: .
(5) in Average Acceleration (5) means the average acceleration was of 5 test subjects and 10 acceleration
results listed in the 10 columns.
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Table B-20. 10 third-octave band tested acceleration results and their average among 3
subjects o f the adapter inside glove tested with glove 3, regular adapter and spectrum H.
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(3) in Average Acceleration (3) means the average acceleration was o f 3 test subjects and 6 acceleration 
results listed in the first 6 o f 10 columns.
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Table B-21. 10 third-octave band tested acceleration results and their average among 5
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(5) in Average Acceleration (5) means the averaged acceleration was o f 5 test subjects and 10 acceleration 
results listed in the 10 columns.
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Table B-22. 10 third-octave band tested acceleration results and their average among 3
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(3) in Average Acceleration (3) means the averaged acceleration was o f  3 test subjects and 6 acceleration 
results listed in the first 6 o f 10 columns.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
120
Table B-23. 10 third-octave band tested acceleration results and their average among 5
subjects o f the adapter inside glove tested with glove 3, white adapter and spectrum H.
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Comments:
(5) in Average Acceleration (5) means the average acceleration was o f  5 test subjects and 10 acceleration 
results listed in the 10 columns.
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Table B-24. 10 third-octave band tested acceleration results and their average among 3
subjects o f the adapter inside glove tested with glove 3, white adapter and spectrum H.
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Comments:
(3) in Average Acceleration (3) means the average acceleration was o f 3 test subjects and 6 acceleration 
results listed in the first 6 o f 10 columns.
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Table B-25.10 third-octave band tested acceleration results and their average among 5
subjects of the handle tested with glove 4, regular adapter and spectrum H.
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(5) in Average Acceleration (5) means the averaged acceleration was o f 5 test subjects and 10 acceleration 
results listed in the 10 columns.
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Table B-26. 10 third-octave band tested acceleration results and their average among 3
subjects o f the handle tested with glove 4, regular adapter and spectrum H.
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(3) in Average Acceleration (3) means the averaged acceleration was o f 3 test subjects and 6 acceleration 
results listed in the first 6 o f 10 columns.
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Table B-27. 10 third-octave band tested acceleration results and their average among 5
subjects o f the adapter inside glove tested with glove 4, regular adapter and spectrum H.
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Table B-28. 10 third-octave band tested acceleration results and their average among 3
subjects o f the adapter inside glove tested with glove 4, regular adapter and spectrum H.
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(3) in Average Acceleration (3) means the average acceleration was o f  3 test subjects and 6 acceleration 
results listed in the first 6 o f 10 columns.
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Table B-29. 10 third-octave band tested acceleration results and their average among 5
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(5) in Average Acceleration (5) means the averaged acceleration was o f 5 test subjects and 10 acceleration 
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Table B-30. 10 third-octave band tested acceleration results and their average among 3
subjects o f the handle tested with glove 4, white adapter and spectrum H.
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(3) in Average Acceleration (3) means the averaged acceleration was o f 3 test subjects and 6 acceleration 
results listed in the first 6 o f 10 columns.
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Table B-31. 10 third-octave band tested acceleration results and their average among 5
subjects of the adapter inside glove tested with glove 4, white adapter and spectrum H.
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Comments:
(5) in Average Acceleration (5) means the average acceleration was of 5 test subjects and 10 acceleration 
results listed in the 10 columns.
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Table B-32. 10 third-octave band tested acceleration results and their average among 3
subjects o f the adapter inside glove tested with glove 4, white adapter and spectrum H.
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Comments:
(3) in Average Acceleration (3) means the average acceleration was o f  3 test subjects and 6 acceleration 
results listed in the first 6 o f 10 columns.
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Table B-33. 10 third-octave band tested acceleration results and their average among 5
subjects o f the handle tested with glove 1, regular adapter and spectrum M.
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Comments:
(5) in Average Acceleration (5) means the averaged acceleration was o f  S test subjects and 10 acceleration 
results listed in the 10 columns.
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Table B-34. 10 third-octave band tested acceleration results and their average among 3
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(3) in Average Acceleration (3) means the averaged acceleration was o f  3 test subjects and 6 acceleration 
results listed in the first 6 of 10 columns.
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Table B-35. 10 third-octave band tested acceleration results and their average among 5
subjects o f the adapter inside glove tested with glove 1, regular adapter and spectrum M.
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Table B-36. 10 third-octave band tested acceleration results and their average among 3
subjects o f  the adapter inside glove tested with glove 1, regular adapter and spectrum M.
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(3) in Average Acceleration (3) means the average acceleration was of 3 test subjects and 6 acceleration 
results listed in the first 6 of 10 columns.
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Table B-37. 10 third-octave band tested acceleration results and their average among 5
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(5) in Average Acceleration (5) means the averaged acceleration was of 5 test subjects and 10 acceleration 
results listed in the 10 columns.
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Table B-38. 10 third-octave band tested acceleration results and their average among 3
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Comments;
(3) in Average Acceleration (3) means the averaged acceleration was o f 3 test subjects and 6 acceleration 
results listed in the first 6 o f 10 columns.
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Table B-39. 10 third-octave band tested acceleration results and their average among 5
subjects of the adapter inside glove tested with glove 1, white adapter and spectrum M.
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(5) in Average Acceleration (5) means the average acceleration was o f 5 test subjects and 10 acceleration 
results listed in the 10 columns.
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Table B-40. 10 third-octave band tested acceleration results and their average among 3
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(3) in Average Acceleration (3) means the average acceleration was o f 3 test subjects and 6 acceleration 
results listed in the first 6 of the 10 columns.
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Table B-41. 10 third-octave band tested acceleration results and their average among 5
subjects of the handle tested with glove 2, regular adapter and spectrum M.
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(S) in Average Acceleration (S) means the averaged acceleration was o f S test subjects and 10 acceleration 
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Table B-42. 10 third-octave band tested acceleration results and their average among 3
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(3) in Average Acceleration (3) means the averaged acceleration was o f 3 test subjects and 6 acceleration 
results listed in the first 6 o f 10 columns.
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Table B-43. 10 third-octave band tested acceleration results and their average among 5
subjects o f the adapter inside glove tested with glove 2, regular adapter and spectrum M.
n
' o o c > o c 5 o o c s c 5 o o c > o o o o o o o o oO  P  p  o  o  o  o
<N r r  •n  oo T ry 
— o
I I Ï
O v C T r a i m o o r ^ - r r —
• ^ r > i v i ( N r ~ o ^ ' ^ i N o o r ^  — o o o o o w i r - '  
O o O f N f — —•( — —;
O O O O O O —- < N C ' i f N r ' i ( N < N r v i r n r > i « N  — O
T r r - m P o p p p  
o' o' o’ o  o’ o’
oo • rr o\
\ 0 VO r~ «1 mO  O  O  — IN
o  o’ o  o’ o’
—  —  o o r - i t ' - o o  —  (—l O v f —l O ' O r - i i N
t ~ - o O  —  i N ' O r ' I O O C N f - i r - i r — O ' O f - i
O  — IN IN IN — IN IN IN — — O  O
O O O O O
o’ o’ C) o’ O
S  3  S 8  R a  8  £S 8  S S 3  8  £  S  8  8  8  8  ^ ^
^  O  d  O  O  O  — CN m  CN — — — — CN CN O  O  O  O  O  O  O  O
O O O O O
m — © p 
© —
O © m  V)
mT r i f i  — — o o ^ \ g O f N m
P p O I N ^ p p p p T f l N p - ^ r ^ l N  
O  o ’ O O O O O  in’ i N i - i i - i l N i - i m r r
— I— VI oo ^  -T p  p
^  IN — o  o
p  p  
O O O O O
wi m INn  wi m IN r~ IN 
IN r~;
I N I N I N I N I N I N m m m i N
o S p  — ® ô b ô o ’ F i i N ^ ô q f N « X p i o w i 2
O O O O O O - -
g  8  2  3  3  3  S
o  o  o  o  o’ o  o
I *
I N I N I - I C I  —p o o i N 2 ®'. T
o’ o’ o’ o’ o' o’ I N  i n’ —'
^  —  NO I—^ —  l—N O  O  O  O nOO p  wi —. 2  ®®. ®. TI N - - - - I N I N I N I N I N - - 0
g  3  S  p  S  po o o o o o
r»N IN wi On O  2O  O  O  IN N/1 p
o’ o  o’ o’ o  o’
— ^  V O NO^  P  W1 P  p
IN IN — IN —
i - i r - i o o o i N o o T r i N 2 t ^ C ! G C iI N O n O  — p p p p p p p p p  
I N I N I - i r n i N  — O O O O O O O
O O  S 8 ! Ç î q o i p p g p p 8 p p  
o o o o o o —- i N i N i X i X i - i i - i m m
p N o r - i - N p p p p p  
I N —  o o o o ’ o o o
i N i N n w i ^ V  — aoiNiN —o p o i N 2 ®; ' R* ' ®.  'R .o o o o o o - — —  i N f i i N i - i i N r n m i n i N  —  O
r- o  o  o  ON NO
^  Ok — ^  qo r*“
CM
Vi
— IN M — rj  —
r- m O O O O O' o o o o o o
3 l - | f ) N 0 0 N O ^ 2 ^  O p l N m o o i ^ p —;
— — I N I N I N N m i - I I N I N
^  — NO 1*1 IN On 00
</1 </1 O n ^  00 On
O O O O O O
On -O ON 1*1 P p  P P P




r -  o om Vi
©
o o  00
^  ViO' X
r n  —  
O  m
Os X
o ^ i ^ r ^ M - o © m o e r ^ o o © 2 0 v j r g  — c g o o ^ ^O O O c s i m r ' * d p  — m ^ m f g r s v i —^ T T ^ p r g
o d d d d d  — o X X X X c N m c N c s  — — o o o o o o o3




Z = o £ ^ £ g S ^ ’ g g S
— p w i O O O w i  S O I N N O O W I  — O  
— I NI Nf * 1 ^
Comments:
(5) in Average Acceleration (5) means the average acceleration was o f 5 test subjects and 10 acceleration 
results listed in the 10 columns.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
141
Table B-44. 10 third-octave band tested acceleration results and their average among 3
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Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
142
Table B-45. 10 third-octave band tested acceleration results and their average among 5
subjects of the handle tested with glove 2, white adapter and spectrum M.
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Table B-46. 10 third-octave band tested acceleration results and their average among 3
subjects o f the handle tested with glove 2, white adapter and spectrum M.
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Table B-47. 10 third-octave band tested acceleration results and their average among 5
subjects o f the adapter inside glove tested with glove 2, white adapter and spectrum M.
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Table B-48. 10 third-octave band tested acceleration results and their average among 3
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Table B-49. 10 third-octave band tested acceleration results and their average among 5
subjects o f the handle tested with glove 3, regular adapter and spectrum M.
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Table B-50. 10 third-octave band tested acceleration results and their average among 3
subjects o f the handle tested with glove 3, regular adapter and spectrum M.
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Table B-51.10 third-octave band tested acceleration results and their average among 5
subjects o f the adapter inside glove tested with glove 3, regular adapter and spectrum M.
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Table B-52. 10 third-octave band tested acceleration results and their average among 3
subjects o f the adapter inside glove tested with glove 3, regular adapter and spectrum M.
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Table B-53. 10 third-octave band tested acceleration results and their average among 5
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(5) in Average Acceleration (5) means the averaged acceleration was of 5 test subjects and 10 acceleration 
results listed in the 10 columns.
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Table B-54. 10 third-octave band tested acceleration results and their average among 3
subjects o f the handle tested with glove 3, white adapter and spectrum M.
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Table B-45. 10 third-octave band tested acceleration results and their average among 5
subjects o f the adapter inside glove tested with glove 3, white adapter and spectrum M.
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Table B-56. 10 third-octave band tested acceleration results and their average among 3
subjects o f the adapter inside glove tested with glove 3, white adapter and spectrum M.
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Table B-57. 10 third-octave band tested acceleration results and their average among 5
subjects o f the handle tested with glove 4, regular adapter and spectrum M.
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Comments:
(5) in Average Acceleration (5) means the averaged acceleration was of S test subjects and 10 acceleration 
results listed in the 10 columns.
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Table B-58. 10 third-octave band tested acceleration results and their average among 3
subjects o f the handle tested with glove 4, regular adapter and spectrum M.
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Comments:
(3) in Average Acceleration (3) means the averaged acceleration was o f  3 test subjects and 6 acceleration 
results listed in the first 6 o f 10 columns.
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Table B-59. 10 third-octave band tested acceleration results and their average among 5
subjects o f the adapter inside glove tested with glove 4, regular adapter and spectrum M.
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(5) in Average Acceleration (5) means the average acceleration was o f 5 test subjects and 10 acceleration 
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Table B-60. 10 third-octave band tested acceleration results and their average among 3
subjects of the adapter inside glove tested with glove 4, regular adapter and spectrum M.
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(3) in Average Acceleration (3) means the average acceleration was of 3 test subjects and 6 acceleration 
results listed in the first 6 of 10 columns.
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Table B-61. 10 third-octave band tested acceleration results and their average among 5
subjects o f the handle tested with glove 4, white adapter and spectrum M.
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(S) in Average Acceleration (S) means the averaged acceleration was o f S test subjects and 10 acceleration 
results listed in the 10 columns.
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Table B-62. 10 third-octave band tested acceleration results and their average among 3
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Comments:
(3) in Average Acceleration (3) means the averaged acceleration was o f 3 test subjects and 6 acceleration 
results listed in the first 6 of l O columns.
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Table B-63. 10 third-octave band tested acceleration results and their average among 5
subjects o f the adapter inside glove tested with glove 4, white adapter and spectrum M.
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Comments:
(5) in Average Acceleration (5) means the average acceleration was o f  5 test subjects and 10 acceleration 
results listed in the 10 columns.
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Table B-64. 10 third-octave band tested acceleration results and their average among 3
subjects o f the adapter inside glove tested with glove 4, white adapter and spectrum M.
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Comments:
(3) in Average Acceleration (3) means the average acceleration was o f 3 test subjects and 6 acceleration 
results listed in the first 6 o f 10 columns.
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Mathcad Programs
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C -1. 4-degree-of-freedom model
The following is the Mathcad program calculating vibration transmissibility o f airbladder 
gloves using 4 degree-of-freedom hand-arm-glove model;





















1 2 5 0
1 5 0 0
1 6 0 0
t o .  : = 2 7 t  f
t o .  =
I_____
1 0 0 . 5 3 1
1 2 5 . 6 6 4
1 5 7 . 0 8
1 9 7 . 9 2
2 5 1 . 3 2 7
3 1 4 . 1 5 9
3 9 5 . 8 4 1
5 0 2 . 6 5 5
6 2 8 . 3 1 9
7 8 5 . 3 9 8
1 . 0 0 5 - 1 0 3
1 . 2 5 7 - 1 0 3
1 . 5 7 1  1 0 3
1 . 9 7 9 - 1 0 3
2 . 5 1 3  1 0 3
3 . 1 4 2 - 1 0 3
m  J : = 0 . 0 1 8 m 2  : = 0 . 1 7 5 m  2  • “  0 . 0 8 8 m^ :=0
K  ,  : = 2 8 0 0 0 0  K 2  : = I 7 5 K 3 : = 5 2 5 0 0 0 K ^ : = 2 1 6 5 0 C
c  I : =  1 7 5 c  2  — 2 1 0 c  3  : = 2 4 5 c  4  : = 0
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D  J t — 1C I +  K l 2  "  ( ^ i )  ^  1 D  2  ^  2
D  2  Z— (C  2  ^  K g —  ^ ( ü . j  * m  2
Ds_ :=K3+ K4-  m3
D4 —-K 3
•^ 6. “ -•*^ 4 D  2  : = K 4 —  ^ (1)  J  m 4
^ 1. 1+ ^ 2)
E3_ :=(o. (C2 + C3)
^5.  ==“ ;•(*= 3 - » - 4)
E2 :=-ûi. C2
•C3
Eg :=-ti)i C4 E ?  : = ü ) .  C 4
D e t A .  :=
i
D j  - h j - E  J D 2 4 - J  E 2  0  0
i i l  I
D 2  ■ h j  E 2  D 3  E 3  D 4  +  j  E 4  0
i i l  i i i
0  E 4  D g  + j  E  g  0
0  0  D g + j E g  F
D e t B .  :=
I
D  I - h j-E I D2  + j E2 0  0
D2 "Fj^ 2  D3 "hj Eg 0 0
i i i i
0 D 4 -F j-E 4 0 Dg  -F j-E g
I l  I I
0 O F  D 7-1-j-E 7
I i
11 DetB. 
T r a n s .  : = J  ' '  '
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1 D e t A ,  1 =
6 . 4 7 6 1 0 17
6 . 5 2 9 1 0 17
6 . 6 1 1 0 17
6 . 7 3 4 1 0 17
6 . 9 2 1 0 17
7 . 1 5 5 1 0 17
7 . 4 5 3 1 0 17
7 . 7 7 2 1 0 17
7 . 9 8 1 1 0 17
8 . 0 7 8 1 0 17
9 . 2 1 9 1 0 17
1 . 5 7 8 1 0 18
3 . 4 6 3 1 0 I B
7 . 9 6 7 1 0 18
1 . 9 0 4 1 0 19
4 . 5 6 7 1 0 19
DetB. =
6 . 4 4 9 - 1 0  1
6 . 4 9 2 - 1 0  1
6 . 5 5 9 - 1 0  1
6 .666-10 1
6 . 8 3 8 - 1 0  1
7 . 0 8 1  1 0 1
7 . 4 5 4 - 1 0  1
8 . 0 1 3 - 1 0 1
8 . 7 4 3 - 1 0  1
9 . 7 1 9 - 1 0  1
1 . 1 1 7 - 1 0 1 0
1 . 3 0 4 - 1 0 1 0
1 . 6 2 8 - 1 0 1 0
2 . 3 8 6 - 1 0  1 0
4 . 3 1 4  1 0 1 0
8 . 3 4 8  1 0  1 0
Trans. =
0 . 9 9 6
0 . 9 9 4
0 . 9 9 2
0 . 9 9
0 . 9 8 8
0 . 9 9
1
1 . 0 3 1
1 . 0 9 6
1 2 0 3
1.211
0 . 8 2 6
0 . 4 7
0 . 3
0 . 2 2 7
0 . 1 8 3
0 . 1 3 7
0 . 0 9 3
0 . 0 6 2
0 . 0 4
0 . 0 2 8
0 . 0 2 4
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C-2. 5-degree-of-freedom model
The following is the Mathcad program calculating vibration transmissibility o f airbladder 
gloves using 5 degree-of-freedom hand-arm-glove model:























CO. :=2 It -f

















m , := 0 .0 175 m 2  '—0.351 m 3  :— .351 .0018 mg :=.00l
K , := 530000 K2:=175 K3 := 1100000 K4:=175 Kg:=19325C
c , := 1 . 8 C2'-=701 031=350 0 4 := 525 c g :=10
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D  J : =  K  1 +■ 2 ~  (* " * i)  t n  1
D  3  K 2 " F  K  3 ~  j  - m 2  
D5, : = K 3 - h K 4 -  ( w j ^ - m 3  
D  y  : =  K ^ - f - K  5 — ^ ( ü  J  m ^  
G  I, 1 ■*■‘^ 2 )
E], ==“ i-('=2-*-‘=3)









E?. :=«i (c4-FCg) Eg :=-w,-Cg E9 :=-û).-C5
DetA. := 
1
D  J - f - j - E  I D  2 - F  j - E  2  0  0  0
D  2 .  " * " ^ ' ^ 2 .  D  3  - h  j  E  3  D 4  - F j  E 4  0  0
i i i i i i
0  D 4 y h j  E 4  D g  +  j  E g  D g  - h j - E g  0
I I I  I I  I
0  0  D  g  - F j  E g  D  2 - h  j - E  2  0
0  0  0  D g + j - E g  F
DetB. :=
D  I - t - j - E  1 D 2  - F j  E g  0  0  0
i i i i
^ 2 - F j - E 2  D 3  - K j  E 3  D 4  - F j  E 4  0  0
i i i i i i
0  D  4  +  j  E 4  D  g  - F  j - E  g  0  0
0  0  D g - h j - E g  0  D g  - F j  E g
i i i i
0  0  0  F  D g + j - E ç
I I
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DetA. j =
-9.14-10 22^2.68 -10 22
-1.423-10 22^.3.279 -10 23
-2.206-10 23+3.96 -10 22
-3.448 10 22+4.708 -10 22
-5.409 10 22+5.393 -10 22
-8.098-10 22+5.678 -10 22
-1.194 10 24+5.038 -10 23
-1.685 10 24+2.186 -10 23
-2.09-10 24.4.391 -10 23
-1.99 10 24.1.74 10 24
1.894 10 224.166 -10 24
7.18-1024.^.573 1024
2.47 10 254.677 10 24
6.033 1 0 25+2.136 10 25
9.291 10 25+1.505 10 26
-8.207 10 25+5.929 10 26
DetB. 1 = 1 1
-4.889 10 22+2.735 -10 23
-7.667-10 22+3.388 -10 23
-1.199 10 22+4.175 -10 23
-1.898 10 22+5.137 -10 23
-3.039-10 23+6.265 -10 23
-4.691 10 23+7.357 -10 23
-7.295-10 23+8.304 -10 23
-1.135 10 24+8.549 -10 23
-1.677 10 24+7.089 -10 23
-2.387-10 24+2.127 -10 23
-3.237 10 24.1.144 10 24
-3.562-10 24.3.672 1024
-2.003-10 24-8.038 1024
5.682 10 24-1.416 1025
3.118 10 25-1.592 1025
9.38 10 25+1.387 1025
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C-3. PSD calculation for M
The following is the Mathcad program calculating power spectral density (PSD) for M 
spectrum:

















jCis -J :=—  
• U
HP 12 ',T
• H -1 .4 1 4 s , _+( s
LP|2
' l-Fl.4l4s2.F(s 2 )'
PSD. :=










1.447- 0.029! 1 1 = 1.448
1.175- 0.792! 1.417
0.467- 1.228! 1.314
-0 .41-0 .996! 1.077
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C-4. PSD calculation for H
The following is the Mathcad program calculating power spectral density (PSD) for H 
spectrum:





















( ' 'J '
' II-1.414s
LPl2 :=
' 14- 1.414s 2 .+
PSD. :=




-0 .8 7 2 - 0.996Î 1.324
-2 .8 6 8 - 0.463Î 2.905
-4.196+2.7071 4.994





1 PSD. j =
8.555
-1 .635-6 .877! I 11 7.069
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Plots of acceleration transmissibility as a function o f frequency
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Figure d-l~  figure d-8 present the transmissibility result as functions o f  fi’equency. 
Transmissibility for spectrum M and H for the same glove were shown on the same plot 
but as separate functions. The first four plots were results with regular adapter while the 
next four were with white adapter. Figure d-9 and figure d-10 show the four gloves’ 
transmissibility functions over the spectrum M in one graph for comparison, they based 
on test results with regular adapter and white adapter respectively. Similarly, figure d-11 
and figure d-12 are comparisons o f four gloves’ transmissibility function over spectrum
H.
The four gloves were also put into comparison as transmissibility function over the 
third-octave fi-equency. Figures d-17 and figure d-18 display these comparison with 
regular adapter and white adapter respectively.
Another comparison made was between the two adapters. Figure d-13 to figure d-16 
present the difference of test results with the two different adapters for glove type 1 
through type 4.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
176






#  M ed ium  S p e d n im  V ibralion  Transm isibility  
O  H igh S p e c t ru m  V ibrafion T ran sin sib ility
>
0.01
Third Octave Cantar Fraquancy(Hz)
Figure d-1 The plot of transmissibility o f  anti vibration glove 1 using regular adapter






I —a — M edium  S p e c tru m  V ibration  T ransm isibiiity  
■ O '  H igh S p e c tru m  V ibration T ransm isib iiity
001
Third Octava Cantar Fraquancy(Hz)
Figure d-2 The plot of transmissibility o f  antivibration glove 2 using regular adapter
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I M edium  S p e c t iu m  Vibration Transm isibüity 
Higti S p ec tru m  V ibration Transmisibiiity
0.01
Third Octava Cantar Fraquancy(Hz)
Figure d-3 The plot of transmissibility of antivibration glove 3 using regular adapter





a  M edium  S p ec tru m  Vibration Transm isibiiity 
O  H igti S p ec tru m  V ilxatlon Transmisibitity
0.01
Third Octava Cantar Fraquancy(Hz)
Figure d-4 The plot o f transmissibility of anti vibration glove 4 using regular adapter
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
178





2Ji> #  M edium  S p e c tru m  V ibration  T ransm isitx lity  
■ O ' H igh S p e c tru m  V ibration  T ransm isib ility
0.01 3 ; 2 $ S S S S S S 8 S Ï 2 8 S  
Third Octave Center Frequency! Hz)
Figure d-5 The plot of transmissibility o f antivibration glove 1 using white adapter




I e  M edium  S p e c tru m  V ibration  T ransm isib iiity  
O  H igh S p e c t ru m  V ibration  T ransm isitiility
0.01 3 2 9 8 3 8 8 5 8 8 8 2 8 555 V- e-CXCNCn V f
Third Octave Center Frequency! Hz)
Figure d-6 The plot of transmissibility o f antivibration glove 2 using white adapter
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Glove 3 White Adapter
o o j 1-0..S o . o.Es
I> M edium  S p e c tru m  Vibration T ransm isibüity  
H igh S p e c tru m  Vibration T ransm isibiiity
0.01
Third Octave Center Frequency(Hz)
Figure d-7 The plot of transmissibility o f antivibration glove 3 using white adapter





I M edium  S p e c tru m  Vibration Transm isibiiity  
- O  ' H igh S p e c tru m  Vibration T ransm isibiiity
0.01 3 2 S 8 3 g 8 « g 8 S I 2 8 S  
Third Octave Center Frequency(Hz)
Figure d-8 The plot of transmissibility o f antivibration glove 4 using white adapter
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I - e -  G lovel O GIov62 




16 20 2 5 3 1 .5  40 50 63 80  100125 1 6 0 2 0 0 2 5 0 3 1 5 4 0 0
Third Octave Cantar Fraquaficy(Hz)
Figure d-9 Vibration transmissibility comparison o f 4 gloves with regular adapter (M)





« —a — G love 1 
O  G love2 
-V— GI0V03 
—9  G love4
>
0.01
16 20 25 31 .5  40  SO 6 3  8 0  100125  1 6 0 2 0 0 2 5 0 3 1 5 4 0 0
Third Octava Cantar Fraquancy(Hz)
Figure d-10 Vibration transmissibility comparison o f  4 gloves with white adapter (M)
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I - e -  G lo v e l O  G )ove2 
— Gt ove3 




100 125 160 200  250  3 1 5  400  500 6 3 0  800 1000 1250 1600
Third Octave Cantar Fraquancy(Hz)
Figure d-11 Vibration transmissibility comparison o f 4 gloves with regular adapter (H)





Î - e -  G lovel 
O  G love2 
V - G love3 





100 125 160 200  250 315 400 500  630 800 1000 1250 1600
Third Octava Cantar Fraquancy(Hz)
Figure d -12 Vibration transmissibility comparison of 4 gloves with white adapter (H)
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Comparison of two adapters* affect 






e  R egu la r ad ap te r 
O  W hite a d a p te r
>
0.01
Third Octav# Cantor Fr#qu#ncy(Hz)
Figure d-13 Vibration transmissibility comparison o f two adapters (glove 1)
Comparison of two adapters' effect 
on vibration transmissibility - Glove 2
O6
0.1




Third Octava Center Freqiiency(Hz)
Figure d-14 Vibration transmissibility comparison of two adapters (glove 2)
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Comparison of two adaptsrs' affect 







O  W hile a d a p ia r
0.01 ? s s s s » s s s s s s s 8
Third Octava Cantar Fraquancy(Hz)
Figure d-15 Vibration transmissibility comparison o f two adapters (glove 3)
Comparison of two adapters' effect 





a  R egu lar a d a p te r  
O  W hile a d a p te r
0.01 8
Third Octava Cantar Fraqnancy(Hz)
Figure d-16 Vibration transmissibility comparison o f two adapters (glove 4)
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Comparison of the 4 types off gloves 




- e — Glove 1 
"  o  * * Glove 2 
V  Glove 3 
—V  Glove 4
0.01 s s s s s s s s s^  V» o* c# p) I § §?
Third Octave Center FrequancylHz)
Figure d-I7 Vibration transmissibility comparison o f 4 gloves with regular adapter
Comparison off the 4 types off gloves 





2 e  G love 1
O  G love 2
V  G love 3
—9  G love 4
I
O \  .
0.01
Third Octave Center Fre<|uency(Hz)
Figure d-18 Vibration transmissibility comparison of 4 gloves with white adapter
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Figure d-19 and figure d-20 are curve fittings o f  the prediction o f the five-degree-of- 
fi-eedom lamped parameter model o f  the hand-arm-glove system to experimental results 
with regular and white adapters respectively. Figure d-21 and figure d-22 comparison o f  
predicted transmissibility by four-degree-of-freedom model to experimental results o f  the 
two different adapters.
Figure d-23 and figure d-24 show how close the prediction o f impedance model to the 
actual test results with two different adapters. Figure d-25 and figure d-26 give a 
comparison between all the above predictions. All the test data used in the following 
figures are from airb ladder glove test result.
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Figure d-19 Model fit to tested data with regular adapter 
(5-degree-of-freedom hand-arm-glove model)
FIva-dagraa-of ffaadom hand-ann-glova modal 
fit to ttia taatad transmiaalbility WIiKa adaptor
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Figure d-20 Model fit to tested data with white adapter 
(5-degree-of-freedom hand-arm-glove model)
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Four-dagrM-of'frMdom hand-«rm-glov« modal 
fit to ttw tastad transmissibility Raguiar adaptar
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Figure d-21 Model fit to tested data with regular adapter 
(4-degree-of-freedom hand-arm-glove model)
Four-dagraa-of fraadom han<F4nn-giova modal 
fit to tha tastad transmissibility Whita adaptar
:
EI
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Figure d-22 Model fît to tested data with white adapter 
(4-degree-of-freedom hand-arm-glove model)
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Figure d-23 Model fit to tested data with regular adapter 
(Impedance model o f the air-bladder glove)
Impddanca modal fit to tho tastad transmissibility 
Whita adaptar
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Figure d-24 Model fit to tested data with white adapter 
(Impedance model o f the air-bladder glove)
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Curve-fitting of Calcuiated Transmissibility 
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Curve-fitting of Calculated Transmissibility 
to Tested Transmissibility with white adapter
I I I I I I I I I I I I I I I 1 I I I I I
Tested glove transmissibility 
Calculated glove transmissibility 
using impedance model 
—V— Calculated glove transmissitWlity 
using four-degree-of-fireadom 
Mass-spring-damper model 
—9  ’ - Calculated glove transmissibility 
using ttiree-degree-of-fraedom 
Mass-spring-damper model
-L -1 .1  I I I I I I I I I I I I I I i I I I
2 R g 3 N $ 8 S g § % S § 8 ! 2 8 § 8 g 8 8 8V- V— ^r^CNC^ ^rfîCOCOOCNJCO
Third Octave Center Frequency(Hz) ^
Figure d-26 Comparison o f different model fits to tested data with white adapter
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APPENDIX E
Excel Program calculating transmissibility o f impedance model
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( I ) Here Y= 1 /Z, where Z is the impedance o f the airbladder unit.
(2) Modulus here stands for the amplitude o f the airbladder model's transmissibility.
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